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Foreword 


The Xth Colloquium Spectroscopicxun Internationale is the 
first of the Colloquium series to be held in the western hemi¬ 
sphere. For a considerable number of years spectroscopists in 
the United States had observed with interest the stimulating and 
informative spectroscopic Colloquia in Europe and actions were 
begun to have the United States serve as a host for one of the 
Colloquia. Following the organization of the national Society for 
Applied Spectroscopy in 1958, the possibility existed for formal 
invitation to the Colloquium by a representative body in the U. S. A. 
With the selection of Washington and the year 1962 for the first 
National Meeting of SAS, both an appropriate location and time 
were available for the Society to act as host to the Colloquium. 
Accordingly an invitation was presented at theIXth Colloquium in 
Lyon in June, 1961 to hold the next Colloquium in the U. S. A. in 
1962. The invitation was accepted by the Colloquium group with 
the informal expression that the even niimbered years might be 
reserved for infrequent meetings of the Colloquium held outside 
of Europe. This international conference also was sponsored by 
the University of Maryland, Department of Chemistry, and by the 
International Union of Pure and Applied Chemistry, through action 
initiated by its Commission on Spectrochemical and Other Optical 
Procedures of Analysis. 

The Xth Colloquium was held June 18-22, 1962 at the Univer¬ 
sity of Maryland, College Park, Maryland, U. S. A. More than 
170 papers, including 24 invited papers, were presented in 27 
sessions during the five days. The registration totaled 944, con¬ 
sisting of 807 full participants, 80 associate, and 57 single session 
registrants, representing 29 countries. In the plan followed for 
the program, invited lectures were arranged to be given in the 
morning and early afternoons to present general surveys of re¬ 
search on currently important themes in basic and applied spec¬ 
troscopy. These lectures were followed by contributed research 
papers related to the same themes. The general program of 
papers with abstracts appeared in Applied Spectroscopy, Vol. 16, 
No. 2, 1962; abstracts of post-deadline papers will be found in 
the same journal, Vol. 16, No. 5, 1962. 

The question of publication of the Proceedings of the Collo¬ 
quium received considerable attention in the planning stages. 
While publication of all papers has much appeal, past experience 

vii 



has shown that considerable delays are encountered in publication 
of the full program, resultii^ from the large volume of material 
and diffic\alties in collecting the manuscripts. Furthermore, it 
was the opinion of some advisors that papers dealing with original 
research should be subject to the usual editorial review and pub¬ 
lished in the existing journals. 

For this Colloquium a compromise was adopted in which the 
invited papers providir^ broad surveys of important research in 
spectroscopy and other selected papers of a general nature were 
scheduled to be published in the Proceedings, and authors of more 
specialized research papers were referred to the spectroscopic 
journals. This plan has the advantage of providing a well-knit 
assembly of authoritative surveys of current spectroscopic re¬ 
search with a minimum time required for publication. The time 
feature is especially important because of the ever accelerating 
pace in research in these fields and the pressing need for more 
rapid communication. 

The Chairman of the Program Committee, Dr. Ellis R. 
Lippincott, and the Secretary of the Conference, Dr. Marvin 
Margoshes kindly agreed to serve as editors for this volume. 
With the prompt response of the authors, the diligence of the 
editors, and the cooperation of the publisher, publication of the 
Proceedirgs within a few months was assured. The Organizing 
Committee for the Colloquium extends its appreciation to the 
many individuals who made this publication possible. 


National Bureau of Standards Bourdon F. Scribner 

Washington 25, D. C. General Chairman 

September 15, 1962 Xth Colloquixim 


viii 



PDOCEElIJNeS OF THE 


Xth COILOQUIUM 
SPECTROSCOPICUM 
INTERNATIONALE 



THE ROLE OF SPEaROSCOPY IN ASTROPHYSICS 


Jesse L, Greenstein 

Mount Wilson and Palomar Observatories 
Carnegie Institution of Washington 
California Institute of Technology 
Pasadena, California, U.S.A. 


INTRODUCTION 

A large fraction of the observational data of astronomy is 
obtained by ^ectroscopic methods, and a similarly large por¬ 
tion of astrophysical theory is devoted to the analysis of spec¬ 
troscopic data. Any general review of so large a subject must 
be superficial. The goal of the present review is to describe 
(1) some of the instrumental problems, and the limitations of 
the observational techniques, (2) the physical conditions in the 
sources of the spectra, (3) the peculiarities of the excitation 
mechanism in various types of astronomical objects, and (4) the 
chemical composition of the stars, and their relation to nuclear 
energy generation and the theories of the origins of the chemi¬ 
cal elements. 

The enormous range of physical conditions in the sources 
makes astronomy an important branch of applied spectroscopy, 
notable at one extreme for high temperatures, low pressures, 
and nearly complete ionization; at another extreme very high 
pressure phenomena become important; in some problems, the 
deviations from thermodynamic equilibrium are very large. 
There are no standard techniques, no calibrated sources— 
nature plays a difficult game, sometimes an unfair one, with the 
investigator. But there is no richer road in astronomy—we 
are so greatly limited in our experimental techniques that we 
take gladly what information we can, from the slenderest of clues. 

It should be remembered that the faintest objects which are 
studied spectroscopically have a total flux, at the earth, of less 
than one photon per cm2 second; with a spectral resolution 
of even 10^, which canbe used on so faint an object, the 200-inch 
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reflector gathers only 40 photons/sec per spectral resolving- 
power unit and the inefficiency of the slit spectrograph and of 
the photographic process reduces this number to less than one 
silver grain per second. Thus, astronomical exposures run 
from several nights at a dispersion of 400 A/mm, for a distant 
galaxy or afaint star, up to relatively short exposures at 1 A/mm 
for stars of naked-eye brightness, to snapshots at 0.1 A/mm for 
the sun. In general, we still employ photographic techniques, 
although photoelectric scanning of the spectrum of bright stars 
at high resolution (« 50,000), and of faint stars at low resolution 
(« 500), and image-intensifiers for low resolution spectra are 
now in regular use and under intensive development. Photog¬ 
raphy and the atmosphere together limit the spectral region 
observable to A3100 to A8900. 

Infrared scanning of the sun, within the limitations of the 
transmission of the terrestrial atmosphere, is generally em¬ 
ployed to 3/x, and experimental development in the lO/i region 
is xinder way. I will omit discussion of far ultraviolet observa¬ 
tions from rockets and satellites except to say that spectral 
emission-line studies of the sun have been carried down to lOOA, 
in detail, the general intensity distribution charted in the X-ray 
region, and T-rays detected from outside the solar system. One 
very important long wavelength feature is the 21-cm hyperfine 
transition in the ground states of atomic hydrogen in interstellar 
space; here the observing techniques are those of radio astron¬ 
omy. Till now, no other monochromatic radiation has been de¬ 
tected in the long wavelength region, nor are any beyond those 
of molecular hydrogen expected to be strong; no definite quanti¬ 
tative predictions of the interstellar molecular hydrogen spec¬ 
trum yet exist. 

Among the goals of astronomical spectroscopy are (1) iden¬ 
tification of atoms, ions, radicals, and.molecules present, (2) the 
quantitative analysis of stellar atmospheres, (3) the study of the 
physical conditions in the source of the spectrum, e.g., tempera¬ 
ture, electron and gas pressure, magnetic field, state of motion 
(convection or turbulence) and mass motion. The nature of the 
excitation process is of the greatest interest; the existence of 
spectral lines in emission or absorption depends on deviations 
from complete thermodynamic equilibrium. For example, 
studies of intensities of the absorption lines across the disk of 
liie sun provide information concerning the temperature gradient 
in the outer 500 km of the solar atmosphere. The change of the 
spectrum into emission lines, and the increase of the level of 
excitation and ionization with height above the solar surface, in 
the range 10 to 10® km, reveal the chromosphere and corona, 
where the temperature ranges from 10^ to 4 x 10® °K. 
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THE ASTRONOMICAL BACKGROUND 

The variety of densities, temperatures and compositions is 
so great that one can only say that astrophysics embraces all 
ranges of density at which spectra can be observed—generally 
atomic, although molecules dominate the coolest stars, and solids 
may be responsible for some interstellar bands. A very rough 
idea of the range of temperature, T, and density, % (hydrogen 
atoms per cm3) is gj^en in Table 1. The symbols A and E under 
Lines indicate absorption and emission lines. Under Processes 
I list some of the interesting peculiarities in each type of source. 
The excitation processes will be discussed in detail below, but 
in general, except for the stellar reversing layers, are dominated 
by violent deviations from thermodynamic equilibrium. Since 
hydrogen is dominant in nearly all sources except for planets 
and comets only its concentration is given. For planets and 
comets, densities are largely unknown and strongly dependent 
on which height is being studied. Relative abundances of other 
elements in interstellar space parallel those in the normal, 
young stars. The concentration of interstellar compounds is 
very low, probably about 10*® njf. 

The determination of the composition of the stars will be 
discussed later; Table 2 gives a recent compilation by Aller [l]. 
We shall take such a composition as the standard with which 
peculiar stars are compared. But except in the most abnormal 
objects. Table 2 shows that the enormous predominance of 
hydrogen must control the appearance of the spectra of the stars, 
either by the strength of its lines, or by its continuous opacity 
which sets the depth of the atmosphere through which one can 
observe, and therefore the strength of other lines. Along the 
main sequence the mass above the photosphere (which is located 
at optical depth near unity) varies from 0.2 gm/cm^ at 25000° 
to 4 gm/cm2 at 5000°, the temperature of the sun. Surface 
gravity, and therefore the pressure, decreases from main se¬ 
quence stars to supergiants. The gas pressure is about 10® 
dynes/cm^ in the sun and drops to 10^ in a supergiant, while in 
a white dwarf, the gas pressure reaches 10® dynes/cm^. Colli¬ 
sions with neutral hydrogen cause line-broadening, although 
resonance self-broadening occurs for the strong lines of Ca II, 
Ca I and Na I at very low temperatures. When hydrogen be¬ 
comes partially ionized, above 7000°K, collisions with ions and 
electrons dominate line broadening, and the detailed theory of 
the hydrogen-line broadening itself has been given by Kolb, 
Griem and Shen [2]. 

The observability of lines of a given element depends on 
many factors besides the abundance. The limitation on the ob¬ 
servable spectral region, in particular, requires that siibordinnte 
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Table 2 


Normal Stellar Composition of Young Stars 
and Chondritic Meteorites 


Element 

log N 

Element 

log N 

H 

12.0 V 

Ga 

2.4 

He 

11.0 V 

Ge 

3.2 

Li 

1.0 V 

Rb 

2.5 

Be 

2.2 V 

Sr 

2.7 V 

B 

2.9 : 

Y 

2.4 V 

C 

8.6 V 

Zr 

2.5 V 

N 

8.0 V 

Nb 

2.0 V 

0 

9.0 V 

Mo 

1.9 V 

F 

6.0 : 

Ru 

1.4 V 

Ne 

8.7 

Rh 

0.8 

Na 

6.3 

Pd 

1.2 

Mg 

7,4 

Ag 

0.2 : 

Al 

6.2 

Cd 

1.5 

Si 

7.5 V 

In 

1.2 : 

P 

5.3 V 

Sn 

1.5 

S 

7.3 V 

Sb 

1.9 : 

Cl 

6.2 : 

Ba 

2.1 V 

A 

6.9 

La 

1.2 V 

K 

4.8 

Ce 

1.3 V 

Oa 

6.2 V 

Pr 

0.6 V 

Sc 

2.8 V 

Nd 

1.3 V 

Ti 

4.8 V 

Sm 

0.9 V 

V 

3.8 V 

Eu 

0.5 V 

Cr 

5.4 V 

Gd 

1.0 V 

Mn 

5.1 V 

Dy 

1.1 V 

Fe 

6.8 

Ho 

0.4 

Co 

4.7 

Er 

0.8 

Ni 

5.9 

Tm 

0.1 

Cu 

4.5 

Yb 

0.8 

Zn 

4.6 

Lu 

0.0 



Pb 

1.8 


V = deviations from normal abundances suspected in some types of stars. 
: = presence or abundance uncertain. 

Rare-earths from chondritic meteorites. Schmitt et al.; other ele¬ 
ments solar or stellar, modified from Aller. 

lines be used, because most resonance lines are in the ultra¬ 
violet; for highly ionized atoms this is always true, requiring 
rocket and satellite spectroscopy. The high excitation potential 
of observable lines of H, He I, He II (10, 20, 40 ev) make the 
abundances of these elements uncertain since the Boltzmann 
factor is very temperature-sensitive. In the sun, the metals 
are singly ionized, but their low levels are easily observable. 
Their relative abundances can be well determined, but their 
ratio to hydrogen is difficult. Elements like C, N, O, also have 
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high excitation potentials, so they are not too well determined. 
In hot stars, H, He, C, N, O, Ne, Si, are well observed at various 
stages of ionization, while the metals are too highly ionized. 

However, it must be noted that ultraviolet spectra will not 
be a ciire-all. Distant stars are in general unobservable below 
1000 A, because of the opacity of the interstellar hydrogen. In 
addition, in cool stars, the crowding and overlapping of the lines 
of the metals will make the region below 3000 A almost useless 
for quantitative purposes, although important for identification 
and for emission-line study of the hot chromospheres and coro¬ 
nas of the stars. In some ways development of the stellar tech¬ 
niques for high resolution in the near infrared may prove more 
profitable, because of the comparative simplicity of the atomic 
spectra and the appearance of new molecular species. 

HIGH TEMPERATURE ENVELOPES 


Doppler determinations have led to our knowledge of the 
velocity distribution of the stars, interstellar gas, and distant 
galaxies, culminating in a value of cdA./^ = 0-46 for a distant 
galaxy, the radio source 3C295. But equally important has been 
the contribution of radial velocities to the determination of stellar 
masses from the orbits of close spectroscopic binary stars. 
Less well known, but very significant in the understanding of the 
high-temperature envelopes of the sun and stars is the existence 
of convection, "turbulence," stream motions and mass loss in 
certain types of stars. On the surface of the sun, small, bright, 
hot granules are observed to rise with speeds near 1 km/sec, 
in a semi-regular pattern resembling Benard cells. Stars, for 
which we often observe the integrated result of similar motions 
on a grander scale, have broadened absorption lines. Loosely 
described as turbulence, these motions have scales of length up 
to an appreciable fraction of the stars' radius (macroturbulence) 
and down to a fraction of the scale height of the reversing layer 
(- 200 km), and velocities from 40 km/sec down to nearly ther¬ 
mal values of 1 to 5 km/sec. They are driven by a convective 
instability of the stellar plasma. The temperature gradient in 
most stars is radiative, and depends on the opacity; since hydro¬ 
gen and metals both contribute to the opacity, the latter is a 
function of temperature T and pressure P. Given knowledge of 
the composition of the star and the physics of the opacity, the 
radiative temperature gradient is found. Convection will occur if 


d In T 

> 

d In T 

d In P 

rad. 

d In P 


lad. 


(1) 
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The ratio of specific heats of the gas, y, gives the adiabatic 
temperature gradient 

d In T _ y - 1 

d In P 3 , r • 

Therefore, if the radiative gradient is close to the adiabatic one, 
a change of level of ionization, which will make a substantial 
change in y, will drive convection. In stars like the sun, the 
ionization of hydrogen is responsible, while He and even Hj 
ionization zones occur in other types of stars. Such convection 
may be responsible for stellar light and radius variation such 
as is found for cepheids and long-period variables. 

Energy transport by convection can be computed from the 
temperature fluctuation in the convective elements, AT/T, their 
velocity and pressure. In the sun, the velocities are subsonic, 
AT/T “ 0.05, and the energy thus transported as pressure waves 
is a non-negligible fraction of the solar output. The important 
fact, however, is that pressure waves, running through the outer 
low density envelope, gain velocity because of the conservation 
of energy. As they approach the velocity of sound, i.e., as 
M(= v/vg) -^1, the production of noise becomes important, and 
most of this sound energy. Eg, is converted into heat. For iso¬ 
tropic turbulence, when M is not large, 

Eg = 19 p <v 2 >3/2 ]y[5 erg/cm2 sec, (3) 

where <v^> isthe mean-square turbulent velocity. In the region 
where solar granulation appears, p » 10~® gm/cm^ , with <v 2 >i /2 
« 2 X 10® cm/sec, (M = 0.2), we find Es 10® erg/cm^sec, about 
10““* of the radiant energy of the solar photosphere, 10^° erg/ 
cm2 ggg gmall fraction, however, is ample to account for 

the phenomena of solar activity, the chromosphere (lO'^ °K) and 
the low density corona (10® °K). Biermann and Lust [3] give a 
rough estimate of the energy involved in high-temperature, non- 
thermal, or particle radiation from the sun, reproduced in 
Table 3. Violent activity involves large fluxes for short peri¬ 
ods, as in solar flares. While these numbers are highly uncer¬ 
tain, they are in the range of the acoustic noise energy, or the 
transport of energy by the granules, so that they may be differ¬ 
ent aspects of the same phenomena. Larger units of mass 
transport have also been suggested, e.g., spicules. Of course, 
still a different mechanism is present in the form of the mov¬ 
ing magnetic fields of the suni^ots, flares, prominences and 
ejected plasma. But the energies in the magnetic fields may 
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Table 3 

Solar Non-Thermal Energies 


(ergs/cm2 sec) 


Type 

Radiation 

Particles 

U. V. 

Radio Freq. 

Normal 

Relativistic 

Average 

10 = 

10-' 

10® 


Active Regions 

>10® 

1-10 

10® 

" 

Flares 

10® - 10 

10® - 10® 

10^ - 10® 

10’ - 10® 


also have the convective plasma transport as their fundamental 
energy source, and magnetic lines of force may be merely 
a coupling mechanism, and provide the locale for particle 
acceleration. 

A non-thermal source of local heating gives a temperature 
or level of ionization corresponding to about 1 - 4 x 10® °K in 
the sun, i.e., about 400 ev. Strong forbidden emission lines of 
[Fe X], [Fe XIV], [Ca XV] are found in the corona. If all energy 
densities are in rough equipartition, characteristic values are 
Umag. “ B /8 iT = Uthermal ~ 3/2 UjjkT = Ukin. “ 1/2 njjmjjV . At 
typical conditions in the lower solar corona, nn = 10®/cm®, 
T = 10® °K, = 100 km/sec (approaching random mo¬ 

tions observed) and the magnetic field strength is 1 gauss (not far 
from the solar general dipole field). Magneto-hydrod 3 mamic 
velocities are v^^ = B(477 n^mH)"^^^ = 300 km/sec. The spec¬ 
troscopy of such a source, very far from equilibrium between 
matter and radiation density, is extremely interesting, and the 
rocket and satellite results will be of great interest. Ultra¬ 
violet permitted lines from high ionization levels have already 
been detected, and X-ray radiation traced far beyond the ener¬ 
gies sv^gested by the above elementary considerations. Some 
double stars containing red giants, as well as ordinary novae at 
certain stages of their evolution, show emission-line spectra 
similar to that of the solar corona, ranging from [Fe II] to 
[FeXIV]. One recurrent nova showed forbidden lines from as 
low as [O l] (low temperature) to [Ca XV] (very high tempera¬ 
ture). Permitted emission lines up to OVI occur near faint, hot 
stars which are nuclei of planetary nebulae, i.e., which have 
ejected large quantities of gas with velocities up to 100 km/sec. 
Thus we often find superposed on the normal and absorption-line 
spectra of stars, emission-line features as evidence for a hot 
circumstellar envelope. Since the solar corona is only 10“® as 
bright as the sun, such objects must display these non-thermal 
features on an enormously greater scale than does the sun. 
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IDENTIFICATION OF ATOMS AND MOLECULES 

At the present time, the sun provides the most thoroughly 
explored stellar spectrum. Disregarding the rocket ultraviolet, 
lines of about 62 elements have been identified, in the absorption 
spectrum of the reversing layer and in the emission spectrum 
of the chromosphere and corona. Molecular species like CN, 
CH, C 2 , CO, OH, NH are seen in the normal spectrum, but the 
sunspots, which are about 900°K, show greatly enhanced molec¬ 
ular lines, many of which are not yet completely identified. 
Eleven molecules have been identified. The cool layer below 
the start of the temperature inversion into the chromosphere 
contains Cj and CO. Some Hj may exist but cannot yet be de¬ 
tected. The atomic species in the sun are neutral and singly 
ionized; an element with ionization potential near 9 ev is ap¬ 
proximately half ionized. The neutral elements have lower 
excitation potentials than do most ions, so that lines of neutral 
elements dominate in the sun. The elements which have not yet 
been identified in the sun have low abundance, complex spectra, 
or no low-lying energy states capable of producing lines in the 
normal spectral region. No element, anomalously weak, has 
been noted, if terrestrial and meteoritic abundances are used 
as guides. A few differences can be easily understood, e.g., the 
near absence of H and He on the earth, and weakness of D and 
Li in the sun (easily destroyed by thermonuclear processes). 

The comparatively high opacity of the solar atmosphere 
results in weak lines of metallic ions. The most interesting 
group of these are the rare earths. These are found more easily 
in normal red giants than in the sun, and very much more easily 
in certain peculiar A stars with large general magnetic fields 
and in heavy-element-rich red giants. However, only one ele¬ 
ment of particular interest need be mentioned. This is tech¬ 
netium, first collected on earth as a fission product, for 

which the longest-lived isotope has a half-life of 2.6 X 10® years. 
It is therefore very overabundant in those peculiar stars in 
which it is found, and must have been recently synthesized. Ele¬ 
ments with high excitation potentials, such as appear only at 
high temperature, must be added to any list of elements present. 
Altogether, in stars and nebulae, where forbidden lines become 
useful, one can add another ten elements to those found in the 
sun, giving a total of about 70 out of the possible 90 that we may 
expect. Table 4 contains a list of the stable elements still miss¬ 
ing. For many of these the spectroscopic situation is very un¬ 
favorable, in that the spectra are very rich, so that no single 
line has a large transition probability. Others have unfavorable 
energy-level diagrams; a number of elements in Table 4 will 
undoubtedly be eventually identified in neutral or first ionized 
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Table 4 

List of Unidentified Elements 




Log E stimated 




Log Estimated 


z 

EL 

Abundance 

Notes 

Z 

El. 

Abundance 

Notes 


(Si = +6) 



(Si = +6) 


5 

B 

+1.4 

1 

68 

Er 

-0.7 

2 

33 

As 

0.6 


69 

Tm 

-1.4 


34 

Se 

1.8 


73 

Ta 

-0.7 


35 

Br 

1.1 


75 

Re 

-0.6 


50 

Sn 

0.1 

2 

76 

Os 

-0.1 


52 

Te 

+0.5 


77 

Ir 

-0.3 


53 

I 

-0.2 


78 

Pt 

+0.2 


54 

Xe 

+0.6 


79 

Au 

-0.8 * 


65 

Tb 

-1.2 


81 

T1 

-0.9 

2 

67 

Ho 

-1.1 


83 

Bi 

-1.0 



1 - Possibly identified in hot stars. 

2 - Possibly identified in sun. 


stages in stars of moderate temperature. The hot stars ob¬ 
served in the ultraviolet will contribute largely to information 
on the lighter, relatively abundant elements, in higher stages 
of ionization. However, laboratory doubly and triply ionized 
spectra are still very poorly known. Among the greatest needs 
are lists of lines of doubly iqnized metals and rare earths, in 
the region 3500 <. A < 7500 A, and lor this and higher stages 
of io n ization of elements with Z < 20, also in the normal spec¬ 
tral region. The high-level transitions for these elements are 
hardly known at all, and are difficult to produce in the labo¬ 
ratory. For example, even Cl is poorly known, since many lines 
have been found by Keenan and Greenstein in a carbon-rich star, 
which can be fitted into the known scheme of energy levels, but 
which had not been observed in laboratory sources. The follow¬ 
ing are particularly important: Cl, CV, N IV-N VI, O IV-OVH, 
Ne III-Ne VIII, and similar high stages of Si, Mg and the iron- 
group metals up to 600 ev ionization potential. These will be 
interesting also for the far ultraviolet, but many of these must 
be important in the normal spectral regions of such objects as 
supernovae, in which most lines still remain unidentified. 

While the number of elements is satisfactorily large, the 
difficulty remains that the number of unidentified lines is still 
very large in peculiar stars. Only this year a very strong 
line known for the last 25 years in magnetic A stars was iden¬ 
tified with Si II, a startlingly late date for so well-known an ele¬ 
ment. The major number of unidentified lines will be almost 
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certainly singly and doubly ionized metals and rare earths, espe¬ 
cially in stars of peculiar composition, with abnormally high 
abundance of the fifth period. In my own investigation of a sharp- 
lined star rich in rare earths and in carbon, about 500 lines re¬ 
main poorly identified; Bidelman of the Lick Observatory has 
found two stars extraordinarily rich in heavy elements, in which 
Mo II, Dy II, Nd H are very strong, and elements such as Fe are 
considerably weakened. At present we can only guess with how 
much detail ultraviolet spectra of the sun and stars will be ob¬ 
tained. The resonance and other low-lying lines of many stages 
of ionization are well known already; however, difficulties in 
laboratory sources make excitation of subordinate lines some¬ 
what selective, with ionic and collisional broadening often shift¬ 
ing and suppressing high levels. Thus it is probable that the 
strong solar far-ultraviolet lines will be identifiable, but the 
weaker lines, and the near vacuxim ultraviolet will be difficult. 
This is particularly unfortunate for interpretation of stellar far 
ultraviolet spectra. The interstellar gas has a Lyman con¬ 
tinuous absorption at X < 912 A which is extremely strong, with 
an optical depth of lO^ for^stars at 100 psc distance. Thus it is 
the region 1000 A - 3000 A which will be most easily observed, 
and which remains the least well explored in the laboratory, for 
common elements doubly to about ten-fold ionized. 

The determination of relative abundances of the isotopes in 
the sun and peculiar stars is of especial importance in theories 
of nucleosynthesis. Astronomical determination of particular 
physical interest involve the ratios; D VH^ , He^/He^, Li^ /IaJ , 
C12/C13 ^ Mg^'*/Mg^^, Ti, Zr. We will discuss nucleosynthesis 
theory later and the significance of the discovery of He^ and 

in astronomical sources. has been searched for, till 
now, with contradictory results. Molecular bands offer the 
greatest promise for future work in this field. Stellar sources 
give largely hydrides or oxides. Bands so far studied are listed 
in Table 5. 

Bands of the hydrides could provide a means of detecting D, 
but the low terrestrial ratio D/H = 1.5 x 10~'* makes success 
unlikely. Interstellar D/H < 0.2 from interstellar molecular 
bands of CH, but radio astronomy has reduced D/H to less than 
2 X 10“'*, from failure of direct observations of the hyperfine- 
structure transition of the ground state of atomic D. The bands 
of CH are very strong in many stars, and failure to observe CD 
suggests D/H < 0.003. A particularly important experiment, 
not yet carried out, is to atteihpt to observe MgH (which is 
present in stars of surface temperature near 4500°K), since the 
terrestrial isotope ratios (79:10:11) are relatively favorable. 
In nuclear reactions, Mg24 can be synthesized by successive 
y-ray captures of alpha particles on C*^ , while Mg^® 
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Table 5 


Molecules Detected in Astronomical Sources 


Comets 

Stars 


Interstellar Space 

CH 

CH 

TiO 

? 

NH 

NH 

VO 

CH 

NH2 

OH 

CrO? 

CH+ 

OH 

MgH 

MnO? 

CN 

Ca 

AlH 

SrO? 


C3 

SiH 

YO 


CN 

CaH 

ZrO 


CO+ 

C2 

NbO 



C3 

LaO 


Na"^ 

CN 

SiC 2 


CH+ 

CO 

MgO? 

AlO 

ScO 

SiN 



can be made only by neutron capture on Mg 24. other interest¬ 
ing groups of isotopes are those of Ti and Zr, easily studied in 
their oxides, TiO and ZrO,present in stars below about 3500®K. 

In the theory of nucleosynthesis no large anomalies are ex¬ 
pected in the abundance of Ti, and none are observed in the stars. 
But Ti"^^ to Ti^^ (ratios 8:7:74:6:5) are made either by neutron 
capture, on the slow or fast time scale, or by a very high tem¬ 
perature equilibrium process. As a result, the Ti isotope ratios 
might be different from those on earth; so far, no gross effects 
have been found by inspection of the TiO band. On the other hand, 
Zr is greatly variable in abundance from star to star, built by 
slow neutron capture processes in red giants. The terrestrial 
ratios, Zr^^ Zr^i , Zr^^ Zr^^, Zr^^ are 52:11:17:17:3; if a 
different number of neutrons were added to the parents of the 
stellar Zr than for terrestrial Zr, these ratios could be drasti¬ 
cally altered. The bands of ZrO are strong in certain peculiar 
stars and it is hoped that further studies will yield theZr isotope 
ratios. The particular significance of these stars is that in the 
ZrO rich objects, the radioactive element Tc is also detected, 
an element which must have been made by neutron capture within 
the last few million years. 
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PHYSICAL CONDITIONS IN THE SOURCES 

Once the elements present have been identified, spec¬ 
troscopy provides several different categories of information 
about the sources, and it is this subject which has been of the 
greatest astrophysical importance. I will discuss, therefore, 
various environments and their physical description, as derived 
spectroscopically, with increasing degrees of deviation from 
thermodynamic equilibrium. The interior of a star is hot, with 
a mean temperature of about 5 x 10® °K, and a mean density of 
1 gm/cm^ . Photons are absorbed and re-emitted an enormous 
number of times as they diffuse outward, and gradually degrade 
in energy as the temperature drops. The "atmosphere" of a 
star is that region where a typical photon suffers, on the aver¬ 
age, one absorption and re-emission before leaving the star. 
This absorption, in the space between spectral lines, is regu¬ 
lated by the continuous absorption coefficient, the "opacity," 
caused largely by H, H", He, sometimes by molecular bands, 
and by scattering by electrons or H. It regulates the depth 
through which we can look, i.e., the number of atoms capable of 
producii^ a spectral line. To a first order, the opacity is quite 
well known, so that the theory of the continuous spectrum of the 
stars (between spectral lines) is on a sound basis. If we know 
T„, the opacity, and if the emission at every optical depth is 
thermal in character and dominated by the local temperature, 
the emission is B,,(T) (the Planck function) and the emergent 
flux from the stars is: 


F,,(0) = 2 / B,, [T(t,,)] K2 (tJ dT^ , (4) 

0 

where T(tv) is the temperature at optical depth and K 2 is the 
second exponential-integral function. The temperature distribu¬ 
tion with height is crucial. It must satisfy an integral equation: 

[T(t,,)] = ^ / B, [T(tv)1 Ki (It,, - ) dt„ , (5) 

0 

where Ki is the first exponential-integral function. The solution 
of this problem for a general has to be obtained by very tedi¬ 
ous numerical integration, which has been greatly accelerated 
by the use of large electronic computers. The limited problems 
when the opacity, constant (the gray-body problem), and 

when K varies only slightly with frequency have been solved 
exactlyr Even then, the evaluation T(tv) is difficult. However, 
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the strength of spectral lines varies with the temperature 
ent in the outer atmosphere, particularly for t from 0.001 to 0.6, 
and many small effects must then be included. One of most 
obvious is the effect of the spectral lines themselves m blanket¬ 
ing" the atmosphere, i.e., in re-radiation of photons downwards. 
Since in many strong lines the line absorption coefficient, 1^, is 
10^ to 10times the continuous absorption, k^, the blanketing 
may change the temperature gradient substantially. The gray- 
body has a temperature contrast of about 20 percent in the opti¬ 
cal depth range At = 1; this may be increased to nearly 40 peiv 
cent in non-gray opacity models. Other important parameters 
are the gas pressure, Pg , and the electron pressure, e , w ic 
vary with optical depth according to; 


dP, =^dT, 


( 6 ) 


where g is the surface gravity and n the mean opacity. The 
conditions at a typical point are of some interest. For the at 

T = 0.2, a representative point in the atmosphere, log Pg - 4. o, 
log P = 0.74 T = 5350°K. The effective opacity of the gas is 
such Wt an average quantum in the continuum penetrates about 
0.5 gm/cm2 . The thickness of a layer in which Pe changes by ten 
is only 200 km. Under these conditions the average 
about 95percent ionized,hydrogen is dominantly neutr^. Strong 
lines of the metals are appreciably broadened by collision with 
neutral hydrogen atoms. The random electric fields of the loris 
and electrons produces a linear stark effect broadening of the 
hydrogen lines. The radiationfieldis quite asymmetric, because 
of proximity to the boundary of the star, about 2.2 times as 
strong upwards as downwards. The energy density of radiation 
is about 0.6 that of a black-body at the "effective temperatere 
of the sun, 5750°K. Within a strong line the radiation field ap¬ 
proaches that of a black-body. Deviations from the Boltemann 
distribution in the populations of the levels of an atom depend 
on details of term structure, the radiation field and collisional 
excitation; these deviations are probably not larger than 
tor of two, but as we approach the surface, i.e., as t -* 0, me 
radiation field becomes asymmetric, more dilute, absorption 
lines appear, and the level population differs considerably from 
that in local thermodynamic equilibrium. These deviations will 
be largest when the excitation is purely by radiation. We can 
write the steady-state condition for a two-level atom connected 
hyaline of energy hi-(where the statistical weights are taken 

to be unity) 


Ral^ai + B2 i1v) = niBialv 


(7) 
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Here A21,621 and Bi2 are the Einstein transition probabilities, 
n2 and n^ are the populations in the two states, and I,, the actual 
radiation field. From the relations between A and B coefficients, 
we can rewrite the population ratio as 

-. ( 8 ) 

1 - 1 ) 

where B,,(T) is the Planck function. Note that if we neglect 
stimulated emission, the population ratio is Ij,(2ht'Vc^)“^ which 
for large hi^/kT and small 1 gives 


~ e-hv/kT 

ni ~B^(T) 


( 9 ) 


Note that eqtiation ( 9 ) resembles the Boltzmann equation except 
that the population is reduced by the ratio of the actual I,, to the 
Planck function. This dilution of the radiation field is very com¬ 
mon in astronomical sources. For example, an atom in inter¬ 
stellar space is excited by stellar radiation whose distribution 
with frequency may be close to that of a black body, but which 
has a low flux because of the small solid angle subtended by the 
stars. Near the surface of a star the dilution, I,,/B^(T),is about 
0.5, in interplanetary space it is only 10~® and in interstellar 
space 10 “^'*. We will expect severe deviations from Boltzmann 
population of the levels when radiative excitation holds and when 
the radiation field is very dilute. Other types of deviation occur 
in gaseous nebulae, when recombination of ions populates the 
levels, in the solar corona, where collisional ionization holds, 
and in the chromosphere, where the radiation and kinetic tem¬ 
peratures are very different. Still another interesting set of 
deviations from normal level population occurs when only col¬ 
lisional excitation populates low metastable levels. 

The dilution of radiation in a stellar atmosphere is not the 
only factor leading to deviations from local thermod3mamic 
equilibrium. Because of the convective transport of energy, 
the sun and other stars have a temperature inversion in their 
surrounding envelopes of low gas density. Although the details 
of the structure of this region are still controversial, its spec¬ 
trum is one containing strong emission lines and possibly con- 
tinua far into the X-ray region. In the transition region where 
the temperature rises in the chromosphere, the density and 
temperature structure is very inhomogeneous. Hydrogen is 
largely ionized, the electron density is about 10^^ to 10 ®/cm 3 , 
anii the temperature risesfrom 5000 °K to 10 ® °K. In the corona. 



17 


THE ROLE OF SPECTROSCOPY IN ASTROPHYSICS 

Where some estimates suggest temperature ^ 

to 4 million degrees, the ionization level is very high, the spec 
Sum in the Sal region dominated by forbidden lines and the 
ultraviolet by X-rays and permitted emission lines with ioniza¬ 
tion Dotentials up to 600 ev. In the corona the density is in the 
range 108 to 105%m3. The effect of these 'Ultraviolet emissions 
on the normal solar reversing layer has not been explored. But 
the chromospheric emission by hydrogen ^ 

undoubtedly affects the central intensities of toe 
in the normal regions of the spectrum, 

tion and excitation in the upper layers of J 

These, and other effects, are important in present disc 
sions of non-local-thermodynamic equilibrium Pf "lOSt i^er 

estins part of the study of extreme deviations from Boltzma 
SSuon is the information provided on the nature of tte 
sources themselves, and I will discuss some interesting cases 
of spectra produced in extreme astrophysical environmen . 

EXTREME DEVIATIONS FROM EQUILIBRIUM 

Perhaps the closest-home example of the effect of the dilu- 
tlon Radiation in a low density source “ 

nf comets These objects have nuclei (10 km in diameter; u 
fL 7 Pn eases and other solids, which emit large quantities of 
gas undir the influence of solar heating, 

nf solar plasma bombardment and surface chemical activity. 
The parent molecules are unknovm, but are rich m 
rallv abundant elements such as H, C, N, O, Na and Fe. 
spend nearly their entire life at distances up to 10 

S frLthesun; since toe black-body temperature is 300 KX 

where r is the distance in astronomical units, the 
io51s -^revery cold, until a close approach to the sun, where 
rapid outgassing occurs. The sun, radius R, ^ ^ 

tance of r, subtends irB? /r^ steradians, '^hich is 7 x 10 (1/r) 

whcrp r is aeain expressed in astronomical units. Thus, since 

Torts areu^uallyoLervedwith 0.1 < r < 

geometrically diluted below a Planck curve of 6000 K by about 
0-5 The comet gas has a low temperature, its molecules un- 
Jergo frofn” couTsious once they are observable in the head 
S Ven more so in the tall, where they become ionised. The 
emission-line spectra of the molecules have been observed to 
SrstTL^andapparently discordant vttratio^l^^^^^ 

+£ir^r»o-r 5 itiirp<^ FoT 6xainpl6, bands of CN roc^uirod ab 
300°K while the structure required 

qnpctroscopic observations on comets are difficui , y 

SIfTs ii possible to see the rotational structure of c, 

altbouFh CN had been partially resolved before. Spec r 
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in Comet Mrkos, 1957d, and in Comet Seki-Lines, 1962c, are 
shown in Figure 1, and intensity tracings of Mrkos and the sun 
in Figure 2. There is no trace of the (1,1) CN band, and the 
intensity distribution in both the P and R branches is very badly 
mangled from any smooth envelope that might be drawn. For 
thermal excitation of an emission band one would expect a smooth 
distribution of the populations of the rotational levels of the up¬ 
per states leading to the emission lines - a distribution which 
would give the "rotational” temperature. The erratic intensity 
pattern observed shows that the populations of the upper levels 
is not a smooth function, as it would be if there were collisions 
exciting the states. In addition, the details of the bands in the 
two comets are quite different, certain lines being nearly absent 
in one and not the other. The explanation is simple, and was 
suggested by McKellar and studied in detail by Swings 20 years 
ago. The ground electronic state is the only one populated at 
low radiation density and the low temperature of the comet 
gases. Absorption of the solar radiation populates the upper 


RESONANCE FLUORESCENCE 
(0,0) CN BAND IN COMETS 
■R 




COMET 

SEKt-LINES 

i962c 


MRKOS 
1957 d 


Figure 1. Emission lines of CN, (0,0) band near X3883, in two comets, ex¬ 
cited by resonance fluorescence. Note the erratic intensity distribution 
among individual rotational lines, and the differences between the two 
comets. 
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Figure 2. Intensity tracings of the solar spectrum (above) showing strong 
absorption lines. The CN band is to the same wavelength scale, and prom- 
incnt solar absorption features are identified by letters. The numbers refer 
to ordinal number in the P and R branches. 

levels, and the emission lines are then produced by spontaneous 
decay. The population depends on the details of the energy avail¬ 
able in the solar spectrum, which is full of absorption lines, and 
even has strong P(0,0), P(l,l) band heads of CN. The mutilated 
solar spectrum is seen from the comet with different wavelength 
shifts dependent on the relative velocity of comet and stm. The 
two comets illustrated in Figure 1 had very different velocities, 
so wavelength shifts were nearly one Angstrom. Figure 2 shows 
how the dips in the solar spectrum are correlated with weaken¬ 
ings of individual CN lines below a smooth intensity profile. The 
P branch has its long wavelength side destroyed by the weakness 
of solar radiation in-the solar P(0,0) band; the low members of 
the R branch are in strong solar absorption, and R5, 9, 10, 12, 
14, etc., are weakened. Obviously, such resonance fluorescence 
in a molecule is slightly blurred by populating the upper state 
from other lower states than that to which the observed emis¬ 
sion line goes, but the effect is clearly present and has been 
studied in full detail now also for Ca. No other excitation mech¬ 
anisms exist. I havefoxxnd differences in the intensity anomalies 
between the two sides of a comet. These are caused by internal 
motions of only 1 or 2 km/sec, which alter the available solar 
exciting radiation by Doppler shifts if a solar absorption line 
closely coincides with a CN transition. 
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Another, and much more extreme example of distortion of 
molecular bands by conditions in the source is found in the inter¬ 
stellar absorption by CN, CH and CH''". It was known that the 
only atoms producing interstellar absorption lines were those 
with strong resonance lines in the accessible spectrum, namely 
Na I ( 323 - 42 ?°), KI ( 423 - 42 ?°), Ca I (4^ S-4^?°), Ca H ( 423 - 
42?o),Ti n (a'‘F-z-»D°, a^F-z^F", a^F-z^G”), Fe I (aSD-z5F°, 
a5D-z'+D°). In addition, very weak sharp lines were foimd; four 
are identified as CH A2 A - X2Tr and B2 s - x2it, (0,0) band lines; 
three are CN, b 2 L - X2s+, (0,0); three are R(0) lines of CH+, 
A^tt - XiS+, (0,0), (1,0), (2,0). In normal stars several hundred 
lines of the CH band near X4300 are found; in interstellar space 
only one is seen. The dilution of radiation in space is about 10'^^ 
and the black-body temperature corresponding to this energy 
density is about 3‘’K, The kinetic temperature is about 20 °K to 
100 °K, yielding appreciable excitation only for the upper hyperf ine 
level of H I in the ground state. 

In addition to the sharp atomic and molecular lines, about 
15 somewhat diffuse band-like structures are found to be almost 
certainly of interstellar origin. The most conspicuous are at 
A4430 (very broad and shallow) and at X6284 (relatively sharp). 
3ome evidence exists that these bands are associated with the 
interstellar dust grains rather than with the purely gaseous 
component. In the solid state at low temperature, diffuse bands 
are seen in astrophysically abundant elements, and it was early 
suggested that solid O 2 might produce some of the bands ob¬ 
served. Figure 3 contains spectra obtained by Herbig at the 
Lick Observatory. The strong interstellar Na I lines are seen, 
as well as weak, broad absorption and emission features in the 
stars (which are of early type, with shallow lines caused by high 
rotation). Eight of the sharper interstellar bands are marked, 
none of which have been yet identified with certainty. Herbig 
made the very interesting sv^gestion that the A4430 band arises 
from Hj in the solid grains. This band reaches 200 A width, 
is very strong, and must be caused by an astronomically abun¬ 
dant substance. The concentration of H 2 in space is unknown 
and it can probably be formed from atomic H only in contact 
with solids. The ground state of H^ gives lines too far in the 
ultraviolet to be observed throv^h our atmosphere. Herbig pos¬ 
tulates that in a low-temperature solid, metastable H 2 in the 
c^TTj, might exist in appreciable quantity. The (0,0) transitions 
between cStt^ and p3 2+, r^TTg and s^Ag are concentrated in the 
A4400 region. Based on laboratory intensities corrected to the 
lower temperature of the interstellar solids, and allowing a 
wavelength shift of 15 A, the computed band resembles the inter¬ 
stellar feature at X4430 fairly weU. The lifetime of the meta¬ 
stable state at laboratory temperatvires is very short; whether 
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Figure 3. Unidentified interstellar bands marked in six stellar spectra. The 
emission and absorption feature left of Na I is X 5876 of He I in the stars. 
(Herbig, Lick Observatory photograph.) 



Figure 4. Spectrum of a supernova of type II, 60 days after maximum light. 
Comparison H, He, Ne; wavelengths of comparison marked at bottom. Ten¬ 
tative identifications on intensity tracing show emission lines of H, He I, 
He II, C III, C IV. The strong emission lines are accompanied by short- 
wards—displaced absorption lines from the expanding gases in front of the 
star. 


it can be sufficiently lengthened by low temperature and solid- 
state effects to be important is not yet known. Herbig requires 
that the V = 0, K = 1,2 levels of survive to produce the 

X4430 band, and suggests that it is possible that interstellar 
XX5705, 5850 can also be produced in this way. 

The stars show almost any possible grades of deviation 
from equilibrium excitation processes; dilution of the radiation 
field results in complex spectroscopic phenomena in shells or 
envelopes surrounding unstable stars. A hot rotating star may 
eject gases which become visible at 5 to 100 stellar radii dis¬ 
tance from the source. Part of such a cloud produces emission 
lines, while that part which lies between the observer and the 
star produces circumstellar absorption lines. The latter arise 
from either the ground state, or from excited metastable levels. 
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prominent in 2^S of H land 2^S, 2^S and 2^P° of He I, as well as 
in the much lower metastable levels of the ionized metals. One 
extreme deviation of this type occurs when a star explodes as a 
supernova. It is generally believed that from 1 to 10 solar 
masses of gas are ejected with speeds from 10^ to km/sec. 
In Figure 4 I show a spectrum and an intensity tracing, of the 
complex spectrum of a supernova (a so-called type n object) in 
a distant galaxy, NGC 7331. This supernova reached a luminosity 
10times that of the sun, and the spectrum illustrated was taken 
two months later when the brightness of the star had dropped by 
a factor of ten. The sharper emission lines are 5000 km/sec in 
width, and the largest Doppler shifts in the violet-displaced cir- 
cumstellar absorption, from the quasi-metastable levels of H 
and He I, reached 10,000 km/sec. The gases shown in Figure 4 
are already 5 x 10^° km from the original star, i.e,, about 300 
times the distance earth to sun. Although the radiation and ma¬ 
terial density were both high compared to those in shells around 
normal stars, the excitation and ionization were strange. The 
star was quite red, the energy density probably near that in an 
8000°K black-body, the ionization level very mixed, in that H, 
He n, C HI were aU present. But the excitation is very imusual 
in that only the leading lines of each series were present. The 
intensity ratios Ea/E^/Kr are exceptionally large in hydrogen; 
A5876 of He I is very stror^ and A4026 almost absent in the 
2^P°-n^D series, etc. Collision may be the source of the excita¬ 
tion and ionization. Not all lines are identifiable. (In passing, I 
should mention that the broad features in the even more luminous 
supernovae of type I still defy identification.) 

PHYSICAL PROCESSES 

Collisional ionization is most clearly studied in a source 
like the solar corona, although it may occur in stellar explo¬ 
sions, and in shock waves in the interstellar gas and radio 
sources. The spectroscopic problems here began with that of 
identification, culminating in the recognition of the strong coro¬ 
nal emissions as forbidden lines of spectra like[Fe X],[Fe XIV], 
[Ca XV]. These require excellent far-ultraviolet wavelengths 
for certain identification by the combination principle, and also 
careful extrapolation of isoelectronic sequences. At present 
most lines are identified, but the soft X-ray region will un¬ 
doubtedly bring new problems if the permitted lines of these 
and possibly higher ionization levels are to be identified. The 
theory of collisional ionization is moderately good, and it is to 
be hoped that the use of large electronic computers will permit 
computation of accurate wave functions for cross-sections for 
ionization and excitation. The coexistence of a wide range of 
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Figure 5. Stark-effect broadening of a hydrogen line in a white dwarf, a 
normal A star and the sun. 


ionization stages in the solar corona is a property both of the 
collisional process and. an important indicator of temperature 
inhomogeneities in the corona itself. Many peculiar stars show 
even wider ranges of ionization in larger surrounding gaseous 
envelopes—for example from [Fe II] to [CaXV]. 

Collisions as a source of absorption-line broadening are par¬ 
ticularly important for the hydrogen lines, dominatir^ a wide 
range of stellar temperature, from 25,000° to 5,000°K. The 
broadeningtheory was originally based on the work of Holtsmark, 
in which the distribution of electric field strengths of the neigh¬ 
boring ions was used to compute a statistical Stark broadening. 
In recent years, the fields of ions and electrons have been in¬ 
cluded more completely and accurately by Griem, Kolb and 
Shen [2]. Applications of this theory to stars have been numerous 
and successfiil; the strength of the far wings of a Balmer line is 
quite sensitive to electron pressure. Empirical classification 
of the stars, according to surface gravity, has long been based 
on total Balmer line strengths. The total strength also involves 
the populations of the a=2 level in hydrogen, which is tempera¬ 
ture sensitive, and the line-broadening and line-formation theory 
for the center of the line, which is not yet completely satisfac¬ 
tory. High-dispersion spectra, and photoelectric scantechniques 
are useful for line wings and provide one accurate means of 
stellar luminosity classification. 

An e:^eme example of hydrogen-line broadening is found 
in the white dwarfs. At about 15,000°K, with a surface gravity 
of 10® to 109 cm/sec2, the lines reach lOO A half-width, and the 
last member of the Balmer series has an upper quantum number 
of 7 or at most 8. Figure 5 shows intensity tracings of Hr in a 
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white dwarf j a normal main-sequence star, and the sun. The 
analysis of such line profiles has shown that the wing-broadening 
theory holds quite well. The high surface gravity of the white 
dwarfs is confirmed; it is also found that the helium/hydrogen 
ratio may be quite high even when hydrogen lines dominate, and 
that the metal/hydrogen ratio is quite low. 

ABUNDANCE ANALYSES 

The composition of the stars is one major problem of astro¬ 
physics. The identification of the elements present is only the 
beginning of the labor. Analysis of composition depends on (1) 
the development of the theory of stellar atmospheres, (2) avail¬ 
ability of the atomic transition probabilities, (3) knowledge of the 
sources of opacity in the continuous spectrxun, (4) determination 
of the physical parameters of the star (e.g., temperature and 
pressure), (5) measurement of line intensities, (6) application 
of either elementary or refined methods from the theory of 
stellar atmospheres. The spectra available for bright stars 
have ample resolving power, since line-broadening in the stars 
IS such that resolution above 10 ^ are seldom useful. The 100" 
and 200" coude spectrographs attain this resolution, but are 
usually used at much lower dispersions, because of the faintness 
of the most interesting stars. Because of its brightness and the 
observability of line intensities across its disk, the sun has been 
studied in most detail, and is used as the standard of composi¬ 
tion for normal stars. Fine analysis methods now used are well 
outlined in the study of the sun by Goldberg, Muller and Aller [4]. 
A model atmosphere" gives the run of temperature and pres¬ 
sure with optical depth. This atmosphere permits machine 
computation of the continuous opacity, populations of the energy 
levels, shape of the line-absorption coefficient and what is called 
e weighting function." The latter measures the effectiveness 
ot ^ atom at a given optical depth in producii^ a line; the ther- 

continuum by atoms above this optical 
epth fills in the line, so the weighting function is steeply depth- 
depeMent, approximately equal to K 3 (t) for a weak line. Atoms 
with high excitation potential would have level populations in¬ 
creasing inwards, since the temperature rises steeply inwards. 
The product of the exponential Boltzmann factor and the weight 
function measures the "contribution function," which has a max¬ 
imum near t = 0 for low excitation and at t = 0.5 to 2.0 for high 
excitation. This mixture of different levels of origin makes the 
spectoum of a star somewhat composite (although in general 
laboratory arc, spark or plasma sources). 

• ™Scst uncertainties in the exact analysis of the sun 
arise (1) in the details of the model atmosphere adopted, par- 
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ticularly the boundary temperature at t = 0, (2) from questions as 
to the importance of deviations from local thermodynamic equi¬ 
librium, (3) most importantly, from our ignorance of transition 
probabilities. Even after very extensive work, Goldberg, Miiller 
and Aller can give abundances for only 42 elements; in my own 
opinion, half of them are still unreliable. For some abundant 
elements like C, N, O uncertainties arise from the high excita¬ 
tion of the lines; for rare elements, with weak solar lines, blend- 
ii^ in the sun and lack of accurate transition probabilities both 
contribute to the uncertainty. 

All these theoretical difficulties listed above disappear if 
two similar stars are compared. Main-sequence stars with only 
small composition differences from the sim should have the 
same temperature distribution and similar deviations from 
equilibrium. The transition probabilities cancel out when the 
ratios of the abundances in the star and the sun are compared. Of 
course, for starsof widely different temperature and composition 
this is no longer exactly true, but it is still true that the ratios 
of abundances of elements in the stars as compared to the sim 
are surprisingly accurately determinable. For this reason, I 
will discuss first the evidence on stellar abundances in solar- 
type stars, and then in more peculiar objects. For such work 
only a rough analysis method is used; a mean temperature, T, 
and pressure, , at a standard optical depth is used for both 
sun and stars. At present, the most accurate temperature de¬ 
termination of a star is obtained from its continuous spectrum. 
We have fairly good knowledge of the opacity as a function of 
frequency, given temperature, surface gravity and hydrogen/ 
metal ratio. The temperature stratification in relevant ranges 
of optical depth has been computed for many model stellar at¬ 
mospheres, and from these the emergent flux in the continuum 
obtained. Then observations either of the colors of the star 
determined between several pairs of wavelengths, or from pho¬ 
toelectric scans of the star's spectmm against absolute stand¬ 
ards, permit comparison with theory and the choice of a suitable 
(T,Pg). Under ideal circumstances the temperature can be de¬ 
termined within ±3 percent. 

I can report on several discussions of stars similar to the 
sun. In one, a resume of his studies of 34 stars was made by 
Wallerstein [s] (based also on collaborations with Aller, Green- 
stein, Heifer and Parker). 

Typically, the vincertainty in the logarithm of the abundance 
ratio of an element i to Fe, in a star as compared to the sun, 
[N,/Fe], is ±0.10 to ±0.30. For ten elements from Na to Ba, 
the maximum deviation of [Nj/Fe] is 0.6, which is found for 
[Mn/Fe], and 0.4 for [Mg/FeJ; only part of this is observational 
error. Other elements seem to have constant ratio to Fe, within 
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±0.2 in the logarithm. When the entire group is surveyed sta¬ 
tistically, however, a definite trend amounting to 0.3 in the 
logarithm, is found in the mean ratio of Mg, Si, Ca, Ti to Fe, as 
a function of the Fe/H abundance. Thus, the general appearance 
is near constancy of relative metal abundances in these nearly 
normal, solar-type stars with slightly altered ratios for special 
stars. Within this group of 31 nearly normal stars, the range 
in the [Fe/H] ratio is from +0.3 to -0.7, i.e., a factor of 10, and 
in 3 so-called ”subdwarfs” analyzed by Aller and Greenstein, 
[Fe/H] reaches -2.0. 

The major variation observed is in the ratio of metals to 
hydrogen, and it is foimd to be correlated with the age of the star 
and its place of formation in our Galaxy. The subdwarfs are 
found to have very high velocity with respect to the sun, and 
highly inclined and eccentric orbits around the center of our 
Galaxy. They are old, in the sense that they were formed soon 
after star formation began, and they were formed far from the 
galactic center and high above the galactic plane. The time 
since star formation began can be estimated as 12 x 10^ years; 
the sim is 5 X 10^ years old, some of the stars of low [Fe/Hj 
ratio studied by Waller stein et al. are much older than the sun 
and the subdwarfs may have been formed as little as 10^ years 
^ter star formation began. The rich globular star clusters 
(often situated high above the galactic plane) are also very old 
and show low metal abundance, while the galactic clusters, in 
the plane, are quite young and have essentially the same com¬ 
position as the sun. Apparently, the ratio of metal to hydrogen 
increased rapidly in the galactic plane, and stars in our neigh¬ 
borhood formed out of material whose composition has changed 
only slightly in the last 10 billion years. The ratio of number 
of hydrogen/metal atoms is about 10^ in the sun, and may reach 
10 in the oldest, metal-poor stars. The very important H/He 
ratio cannot be well determined in the atmospheres of solar- 
type stars. 

unpublished, elaborate investigation by R. and G. 
ayre has applied the advanced, model-atmosphere methods to 
the composition of a red giant star. The observation was based 
on plates of 1 and 2.8 A/mm dispersion obtained by W. K. 
Bonsack. The temperature was determined within 3 percent: 
the H/metal ratio wa.s toe same as in toe sun ±0.2 in toe loga- 
rithnas, and toe [Nj /Fe] ratios for 28 elements were toe same 
as mtoe sim within the probable error (which was ±0.07 to ±0.30) 
except possibly for Na, ±0.30 ± 0.20. This research involved 
toe ultimate present observational and astrophysical tech¬ 
niques, and resulted mainly in establishing the normalcy of 
norms.! sts,rs. 
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The stars with "peculiar" spectra provide much grosser 
phenomena, and the number of types of these is at first bewilder¬ 
ing. A peculiar spectrum is defined as one in which the inten¬ 
sities of lines present deviate grossly from those in normal 
stars of approximately the same (T,Pg ). Visual inspection, often 
at low dispersion, has been sufficient to reveal these peculiari¬ 
ties. Table 6 gives a brief description of the best known types 
of peculiar stars; since many of these are rare or faint, quanti¬ 
tative analyses are difficult, and in addition physical conditions 
may be quite unusual, e.g., large magnetic fields, or in the cool 
red giants, strong molecular bands. Only such objects as have 
elemental abimdances abnormal by a factor of 10 or more can 
be reliably noted at low dispersion, or studied quantitatively at 
moderate scale. 

In Table 7 I give a resum^ of almost forty elements noted 
as peculiar in quantitative work of this more approximate type. 
They are classified here by the type of nuclear process now 
supposed to be responsible for their anomalous abundance. We 
are near the end of our problem, and I would like to review very 
briefly the current theory of nucleosynthesis in the stars. 


Table 6 


Common Types of Stars With Peculiar Abundances 


Name 

Characteristics 

DO, sdO 

Subluminous hot stars, He/H ratio abnormally 
high. 

Bp 

He rich stars of wide range of luminosity. 

WC, WN 

High-luminosity hot stars, C/N ratio abnormal. 

Ap 

Large magnetic fields; many types of elements 
enhanced, e.g.. Si, Mn, Sr, rare earths, P, 
He^, Be, Ga, etc. Abnormally weak 0, N. 

Am 

Apparent anomalies in Ca, Ti, Mg, Sc. 

C 

Carbon-rich red giants. C ^^/H, and sometimes 

C 13/cl2 high. 

Barium 

Red giants with fifth-period elements, rare 
earths and C enhanced. 

S 

Variable, cool, red giants with fifth-period ele¬ 
ments, C and Tc enhanced. 

T~Tauri 

Unstable, contracting young stars with Li en¬ 
hanced. 

F, G subdwarfs 

Solar-type stars with low metal/hydrogen ratio. 
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THE ORIGIN OF THE ELEMENTS 

The overwhelming abundance of hydrogen, especially in the 
old stars, and an aesthetic desire for simplicity suggested long 
ago that the elements were built from protons and neutrons, A 
single-event, high-density early phase of the expanding universe 
had been suggested by Lemaitre and Gamow, but at present the 
more detailed and plausible hypothesis adopted is that elements 
are s;^thesized as a byproduct of thermonuclear energy- 
producing reactions inside stars. Since a normal main-sequence 
star like the sun converts H into He at such a rate that in 10^^ 
years no H would remain, it is clear that with a galaxy 10^® 
years old, stars of low luminosity like the sun do not yet play 
an important role. However, stars undergo complex evolutionary 
changes once 10 percent of their hydrogen is exhausted; they 
heat up, brighten, expand, become red giants and eventually con¬ 
tract into white dwarfs, or they explode. The time before this 
evolutionary phase begins, Th, is approximately: 



Fe 


Figure 6. Two very metal-poor, old, red-giant stars are compared with a 
young, normal red giant 6 Lyrae. The stars have nearly the same tempera¬ 
ture, 4400°K, and surface gravity, but the metal/hydrogen ratio in HD 
165195 and HD 122563 is about 100 times lower than in $ Lyrae. Note the 
great weakening of Fe, Mn, Sr II, and the great strength and nearly com¬ 
plete absence of Stark effect in X 4101 of hydrogen. 


Where mass and luminosity are expressed in solar units and the 
mass-luminosity law has been used. Note that a star with a 
mass 10 times the sun will have % of only 3 x 10^ years. Mas¬ 
sive stars condense out of interstellar gas, conserve their hy¬ 
drogen and evolve very rapidly, so that they may synthesize new 
heavy elements and exploding, return them to the interstellar 


Nuclear Processes Affecting Elements With Abundances Significantly 
Variable From Star to Star 
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gas, in 0.3 percent of the lifetime of a star like the sun. It is 
therefore the rapidly evolving massive stars that are the major 
contribution to nucleosynthesis. In 10® years after the first 
massive stars condensed out of what I will assume to be initi¬ 
ally pure hydrogen, the interstellar gas is contaminated by 
nuclear waste products. It takes 10® years for a star of 0.8 Mq 
merely to condense from the gas. The early stages of our 
Galaxy, before matter had largely condensed into stars was the 
epoch of rapid star formation, during which rapidly evolving 
massive stars built most (but not all) of the heavier elements. 
What we see now as peculiar stars are examples where many 
nuclear processes can now be seen still in operation. They 
provide therefore strong indications as to the long past, early 
stages of our system. 

The processes [6] that account for the majority of the iso¬ 
topes of the elements are as follows; 

(1) Thermonuclear burning of protons (1 to 15 million de¬ 
grees) produces D^, He®, He^ is rapidly destroyed. 

(2) ^ermonuclear burning of He'’ (200 million degrees) 

makes C , O , Ne and other integral-alpha nuclei possibly 
up to Ti^s. ^ ^ j 


^(3) Catalysis of proton burning by the presence of O 


16 


main product and C^®, , Ne^\ 

N , Ne , Na (10-30 million degrees). 

XT 21 ?^ Neutrons are released by C’® (a,n) O’®, {a,n) Ne^®, 

Ne (Q!,n) Mg . These neutrons may be captured by elements 
like Si or Fe and produce essentially all the heavy elements up 
toPb;toere are two chains of neutron capture, called the s (slow) 
and r (rapid) processes, depending on the interval between neu¬ 
tron captures relative to the beta-decay lifetimes. The r proc¬ 
ess is needed to make elements heavier than lead, and some of 
the isotopes of lighter elements. 

(5) The "equilibrium" process appears at very high tem¬ 
peratures, 2 to 4 billion degrees, in collapsing stars that will 
e3q)lode. At these temperatures essentially all nuclear proc¬ 
esses occur and only the most stable nuclei, centered on Fe, 
thought that supernova explosions are connected 
with the e-process, the r-neutron process, and neutrino emission. 

.. stars may actas accelerators, moving mag¬ 

netic fieMs causing electro-magnetic discharges (magnetic Ap 
stars). Protons, or heavier ions, at energies of 0.2 to 1 Bev 
cause nearly complete disintegration of nuclei of moderate 
a omic wei^t. This "sp^lation" yields such fragments as neu¬ 
trons, DJ, He He4, Li®, Li^ Be^ B’® , B“ . The direct for- 
mation of spallation products such as Li®—is essen- 
tially the only method of producing such nuclei, which if formed 
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in stellar interiors would be immediately consumed. The neu¬ 
trons released may have secondary effects. 

Spectroscopically peculiar stars have been found which 
display effects of nearly all of these nuclear events. Table 7 
has listed a classification by nuclear process of the elements 
whose abundance has been found to be anomalously high or low. 
Not all peculiarities need to be real, since complex excitation 
phenomena often occur in stars. In addition, not all abundance 
anomalies noted can be explained. Figure 7 shows the evidence 
for the presence of He^ in a Bp star (possibly related to the 
magnetic stars). The wavelength shift between He^ and He^ is 
not large compared to the normal broadening of lines in hot 
stars, and in addition, pressure shifts of He ^ may occur. How¬ 
ever, in this one star (called 3 Centauri A) the correlation of 
measured wavelengths and the laboratory shifts is quite good, 
and the He present is largely He^. No good theory for syn¬ 
thesizing so much He^ exists; the same star has large excesses 
of P, Ga, Kr. In Figure 8, some spectra by Searle and Sargent 



Figure 7. Wavelength shifts of He I lines in the star 3 Centauri A corre¬ 
lated with the isotope shift for He^ (Sargent and Jugaku). 
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of ms^netic Ap stars are shown, as compared to a normal main- 
sequence A star at the top. The X4200 peculiarity involves a 
strong Si II line; the other stars have Mn, Si, Cr and the rare 
earths, and Sr excesses. Such objects have surface composi¬ 
tions almost certainly affected by surface reactions with high 
energy particles. Details have not been explored, but it is likely 
that r-process neutron reactions occur, together with spallation. 
Figure 9 shows the wide variations in the Be abundance in 
magnetic-peculiar stars. The resonance lines of Be n are dif¬ 
ficult to observe (near the ozone cutoff) but are sometimes 
greatly enhanced. Figure 10 shows a section of high dispersion 
spectra of two Ap stars by Bidelman. In these, normal metallic 
lines of the comparison spectra are nearly submerged by a very 
large number of rare-earth and heavy-element lines. 

In a very important peculiarity connected with spallation 
reactions, the element Li is found in newly formihg stars, the 
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Figure 8. Varieties of magnetic-peculiar stars, near 10,000'’K, compared 
with a normal star (top strip) of similar temperature (Searle and Sargent). 


”T Tauri variables.” These objects are still immersed in dense 
dust and gas, have strange spectra, but are the only known group 
with strong Li I (except for a few cool red giants). It has been 
conjectured [6] that Li, Be, B are now being formed around 
these stars during the contraction process, when the star must 
dispose of excess magnetic fields and angular momentum—pos¬ 
sibly during formation of a planetary system. 

Turning to the more normal thermonuclear reactions oc¬ 
curring inside stars during their burning of hydrogen, it can be 
said that a wide variety of confirmations of the predictions of 
nuclear astrophysics is provided by study of red giants, old 
stars and white dwarfs. In the red giants, analyses have shown 
that in the carbon-rich group, (formed from 3 He^ nuclei) 
is often greatly overabundant. In some of the carbon-rich stars, 






Figure 10. High-dispersion spectra of Ap stars (Bidelman, Lick Observatory) 
HR 465 (top), HR 4816 (bottom). Very strong lines of Dy II, Nd II and 
Mo II are present in HR 465. 

Ci3/ci2 instead of 1/90 on the earth. N^VC is 

greatly increased in certain hot old stars, and possibly in the 
hot high-luminosity WN stars. Many classes of stars are He 
rich—some white dwarfs show nothing but He lines in their spec¬ 
tra. Another very strange group of white dwarfs has just been 
recognized as showing only very diffuse, pressure-broadened 
bands of C 2 . These bands have no trace of the sequences of 
vibrational heads (the dispersion is too low to show rotational 
structure) but the (0,0) and (1,0) bands are clearly seen, stretch- 
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ing over 200 A each. One white dwarf, with Fe I lines, has been 
found to have a collisional damping constant of 10^^, i.e., 10® 
times the classical value. The mean pressure is about 2000 
atmospheres. It is probable that pressure shifts are to the 
violet by about 2 A. They are of van der Waals type as would 
arise from Fe + He collisions, according to the laboratory 
measures of Ch'en [7], since Fe + H collisions give red shifts. 
The exhaustion of H is essentially complete in very old stars. 

The effects of neutron-addition processes are observable 
in a wide variety of red giants, and are often connected with 
carbon excess. The neutron flux per initial Si or Fe atom dic¬ 
tates how many atoms of heavy elements are built. Their rela¬ 
tive abundances are dictated by the neutron-capture cross sec¬ 
tions; an element with a large-capture cross section will be 
destroyed rapidly once built. Nuclear properties and regulari¬ 
ties are well known in the laboratory, although many capture 
cross sections for 10 kev neutrons are still needed. In general, 
near the so-called magic niunber nuclei, there are pronounced 
minima. In a steady state, as neutrons build and destroy a given 
nucleus, a smooth curve of the relative abundances of the nuclei 
is established, with maxima near the magic-number nuclei. 
Spectroscopically, the consequences of these predictions are 
most important for elements of the fifth period, which have nor¬ 
mal abundances only about 10-2 to 10-3 those of the fourth 
period. In the S stars, molecular bands of ZrO, LaO, YO, NbO 
are strong, while in normal M stars of the same temperature, 
TiO, VO, ScO are seen. The abundance of the iron-group ele¬ 
ments seems to be diminished, while the heavier elements are 
enhanced. With these come the rare earths built on the s- 
process, which are all greatly enhanced. Included is technetium, 
Tc, which is spectroscopically analogous to Mn, i.e., a few 
strong ground lines from the ground S state. The enhancement 
of Tc is particularly striking since none exists on the earth be¬ 
cause of the short radioactive decay. Tc has about the same 
abxmdance as Mo or Ru in the S stars. 

It would be pointless to go into further detail about the 
various nuclear processes that have been confirmed by stellar 
abundance anomalies, or to list the unexplained anomalies. 
Serious questions in the overall theory concern the nature of 
rotationally driven, convective or other types of mixing in the 
stars, between the hot core where reactions occur and the upper 
few hundred kilometers of atmosphere where the spectra are 
observed. Another question is the rate of star formation at dif¬ 
ferent epochs in the early history of our Galaxy, or in different 
parts of it now. As to the rest of the universe, our knowledge is 
meager. Other galaxies cannot be studied in much detail; indi¬ 
vidual stars in galaxies at 10^ light years distance are observed 
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only at low dispersion. Composite spectra of galaxies show 
mainly that the abundances of the easily observed elements are 
approximately the same, in that features due to H, He, Ca, Na, 
CN, CH, Fe, TiO are seen most prominently. Bright emission 
nebulae can be seen in the nearer galaxies, and show lines of H, 
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Figure 11. Spectrum of a distant, faint galaxy, the strong radio source 
3C234. The night sky lines cross the whole spectrum, the emission lines of 
the galaxy are concentrated in the central streak. The level of ionization 
is very high, [Ne V] having an ionization potential of 126 ev. The elec¬ 
tron temperature is also very high. 


He, N, O, the abundant elements in our own system. Figure 11 
shows a spectrum obtained by M. Schmidt, of a very distant 
object, a radio source 3C234, at a red shift dx/x^ = 0.185, i.e., 
56,000 km/sec, about 1.5 to 2 billion light years distant. This 
extraordinary object has a large fraction of its light in forbidden 
emission lines of H, He, O and Ne. At least these elements 
exist at 2 billion light years, and a line of [O H] is seen in the 
most distant object known, a radio source near 6 billion light 
years distance. So far, at least, spectroscopy casts some light 
in the enormous darkness. 
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PRESENT STATUS OF OUR KNOWLEDGE OF ATOMIC 
TRANSITION PROBABILITIES 


W. L. Wiese 

National Bureau of Standards 
Washington, D. C., U.S.A. 


INTRODUCTION 

^ectral lines are usually characterized by wavelength and 
intensity. While the wavelengths of several hundred thousand 
atomic lines are known to an extremely high accuracy, often to 
six or more significant figures, the situation is very different 
for the intensity of the lines. The intensity is, first of all, not 
an atomic constant like the wavelength, but depends strongly on 
the mode of excitation of the light source, and is, for example, 
in a thermal light source a function of temperature and density. 
Therefore, relative intensities, as given in most spectral line 
tables, can be used with confidence only if it has been ascertained 
that the source used is similar in its properties to the one utilized 
for the tables. The brightness or strength of a line emitted by 
an optically thin source is determined by its transition probability 
for spontaneous emission, namely the probability per unit time 
that a radiative transition from a higher excited atomic level to a 
lower level occurs. If the emission takes place in a strong radia¬ 
tion field, induced emission and absorption occur. The probabili¬ 
ties for these processes are defined in an analogous fashion, and 
all three are interrelated. Transition probabilities are sometimes 
also referred to as Einstein coefficients. The classical equiva¬ 
lent is the oscillator strength, or f-value, and in quantum me¬ 
chanics the term line strength is frequently used. A table for 
the mutual conversion of these quantities is given in the appendix 
(Table 2). 

The present status of our knowledge of atomic transition 
probabilities may briefly be expressed in the following way: 
Transition probabilities are known only for a small percentage 
of the lines for which the wavelengths are known, and the accuracy 
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of the available values is, aside from afew special cases, usually 
poor; even the first significant figure is quite often not reliable. 

AVAILABILITY OF TRANSITION PROBABILITIES 

The numerical data on transition probabilities are widely 
scattered in the technical literature. No general exhaustive 
tabulations of the numerical values are available yet, althoxigh 
there are a few tables of limited scope in the literature.* There¬ 
fore, two years ago a data center on atomic transition probabili¬ 
ties was establishedat the National Bureau of Standards with the 
objectives to collect and catalogue all relevant literature, to 
extract and analyze the numerical data, and to prepare and pub¬ 
lish bibliographies and general tables of the "best" numerical 
values. The literature collection is now completely up-to-date, 
and the current literature including the major abstracting jour¬ 
nals is constantly being monitored. A general bibliography on 
transition probabilities has been prepared and has been pub¬ 
lished as an NBS Monograph [2]. In this monograph the relevant 
literature is arranged according to elements and stages of ioni¬ 
zation, and for quick orientation the method employed and the 
class of transitions are indicated behind each reference. All 
articles on discrete transitions, both permitted and forbidden, 
regardless of quality, are listed. From the data of the bibliog¬ 
raphy Table 1 has been assembled which shows the availability 
of literature for the different elements. The table is arranged 
with increasing atomic number, which is given in coliimn 3. Col¬ 
umn 4 lists all stages of ionization for which references are 
available (I = neutral atom, n = singly ionized atom, etc.). A 
subscript f indicates that only material on forbidden (electric 
quadrupole or magnetic dipole) transitions is known. Hydrogen¬ 
like ions, i.e., those atoms with all but one electron stripped off, 
are not included because their transition probabilities can be 
obtained from the relations given in Table 2. 

In addition, column 5 shows the availability of f-values ob¬ 
tained from the large scale intensity measurements of Meggers, 
Corliss and Scribner [3]. The derived f-values have been re¬ 
cently published as an NBS Monograph [4]. The arabic numbers 
in brackets give the number of lines measured. A detailed dis¬ 
cussion of this work will be given below. 

The table shows clearly the decrease in the amount of ma¬ 
terial as the atomic number increases, and should be helpful for 
a first, rough orientation on the availability of literature. The 
bibliography itself shows that sometimes only one or two articles 


♦Reference 2 contains a comprehensive list of these. 
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Table 1 

Availability of Atomic Transition Probabilities 

All stages of ionization (I = neutral atom, II = singly ionized 
atom, etc.) are listed, for which numerical data exist. A 
subscript "f’ indicates that only data on forbidden lines are 
available. Hydrogen-like ions are not included. For their 
relations to hydrogen see the appendix. Column (5) contains 
the data from the line intensity measurements at NBS (see 
text). The arabic numbers in brackets give the number of 
lines measured. 


Element 

(1) 

Symbol 

(2) 

z 

(3) 

stage of Ionization 
(4) 

Additional 
Values by 
Corliss and 
Bozman (not 
included in (4)). 
Stage of 
Ionization 
(5) 

Hydrogen 

H 

1 

I 


Helium 

He 

2 

I 11 


Lithium 

Li 

3 

I II 

I[7] 

Beryllium 

Be 

4 

I II III 

I[17] n[2] 

Boron 

B 

5 

I II m IV 

I[4] 

Carbon 

C 

6 

I n m IV V 

I[l] 

Nitrogen 

N 

7 

I II m IV V VI 


Oxygen 

0 

8 

I n m IV V VI VII 


Fluorine 

F 

9 

I n m IV V VI VII 


Neon 

Ne 

10 

I II m IV V VI VII 
vm IX 


Sodium 

Na 

11 

I II III IV V VI VII 
vin IX 

I[12] 

Magnesium 

Mg 

12 

I II rv V VI vn viii 
IX X 

I[19] n[6] 

Aluminum 

A1 

13 

I n m V VI VII vm 
IX X XI 

I[16] 

Silicon 

Si 

14 

I II m IV VI VII VIII 
IX X XI XII 

I[15] 

Phosphorus 

P 

15 

I II m IV V VII VIII 
IX X XI xn XIII 

I[9] 
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Table I—Continued 


Element 

(1) 

Symbol 

(2) 

z 

(3) 

stage of Ionization 
(4) 

Additional 
Values by 
Corliss and 
Bozman (not 
included in (4)). 
Stage of 
Ionization 
(5) 

Sulfur 

s 

16 

I II m IV V VI VIII 

IX X XI XII Xlllf 



Chlorine 

Cl 

17 

I n m IV V VI VII 

IX X XI xn XIII xiVf 



Argon 

Ar 

18 

I II m IV V VI VII 
vni X XI XII XIII XIV 

xv^ 



Potassium 

K 

19 

I m IV V VI VII VIII 
IX XI XII XIII XIV XV 
XVI f 

I[8] 


Calcium 

Ca 

20 

I II IV V VI VII VIII 
IX X xn XIII XIV XV 
XVI f XVII f 

I[69] 

n[io] 

Scandium 

Sc 

21 

I n V VI VII VIII IX 
X XI 

I[230] 

n[8i] 

Titanium 

Ti 

22 

I n VI VII VIII IX X 
XI xn 

I[707] 

n[i78] 

Vanadium 

V 

23 

I II vn vni IX X XI 
xn xm 

I[795] 

n[2i9] 

Chromium 

Cr 

24 

I n iVf vni IX X XI 
XII xm XIV 

I[615] 

n[i77] 

Manganese 

Mn 

25 

I n V. IX X XI xn 
xni XIV XV 

I[290] 

n[54] 

Iron 

Fe 

26 

I n ni IV. V. VI. 

VHf X XI xn xm xiv 

XV XVI 

I[671] 

n[80] 

Cobalt 

Co 

27 

I XI xn xm XIV XV 
XVI xvn 

I[602] 

n[57] 

Nickel 

Ni 

28 

I n m^ xn xm xiv 
XV XVI f xvn xvm 

I[242] 

n[4] 

Copper 

Cu 

29 

I XIX 

I[46] 

II[10] 

Zinc 

Zn 

30 

I n 

I[18] 

n[2] 
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Table 1—Continued 


Element 

(1) 

Symbol 

(2) 

z 

(3) 

Stage of Ionization 
(4) 

Additional 
Values by 
Corliss and 
Bozman (not 
included in (4)). 
Stage of 
Ionization 
(5) 

Gallium 

Ga 

31 

I 

I[15] 

Germanium 

Ge 

32 

— 

I[43] 

Arsenic 

As 

33 

— 

I[25] 

Selenium 

Se 

34 

n 

I[5] 

Bromine 

Br 

35 

— 


Krypton 

Kr 

36 

I nif 


Rubidium 

Rb 

37 

I n 

I[13] 

Strontium 

Sr 

38 

I II 

I[67] n[9] 

Yttrium 

Y 

39 

I n 

I[260] n[110] 

Zirconium 

Zr 

40 

I II 

I[700] II[322] 

Niobium 

Nb 

41 

— 

I[1062] n[314] 

Molybdenum 

Mo 

42 

I 

I[1258] n[208] 

Technetium 

Tc 

43 



Ruthenium 

Ru 

44 

I 

I[915] n[52] 

Rhodium 

Rh 

45 


I[434] n[25] 

Palladium 

Pd 

46 

— 

I[76] II[4] 

Silver 

Ag 

47 

I 

I[ll] n[4] 

Cadmium 

Cd 

48 

I n 

I [20] II [4] 

Indium 

In 

49 

I 

I[21] n[i] 

Tin 

Sn 

50 

I 

I[59] 

Antimony 

Sb 

51 

— 

I[53] 

Tellurium 

Te 

52 


I[12] 

Iodine 

I 

53 

I n 


Xenon 

Xe 

54 

I Hf lllf 


Cesium 

Cs 

55 

I 

I[19] 
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Table 1—Continued 


Element 

(1) 

Symbol 

(2) 

Z 

(3) 

stage of Ionization 
(4) 

Additional 
Values by 
Corliss and 
Bozman (not 
included in (4)). 
Stage of 
Ionization 
(5) 

Barium 

Ba 

56 

I n 

I[79] n[16] 

Lanthanum 

La 

57 

n 

I[270] II[272] 

Cerium 

Ce 

58 

— 

n[1349] 

Praseodymium 

Pr 

59 

— 

II [232] 

Neodymium 

Nd 

60 

— 

I[80] n[275] 

Promethium 

Pm 

61 

— 


Samarium 

Sm 

62 

— 

I[221] n[780] 

Europium 

Eu 

63 

— 

I[298] n[149] 

Gadolinium 

Gd 

64 

— 

I[520] n[581] 

Terbium 

Tb 

65 

— 

I[3] 

Dysprosium 

Dy 

66 

— 

n[86] 

Holmium 

Ho 

67 

— 

I[3] 

Erbium 

Er 

68 

— 

II [78] 

Thulium 

Tm 

69 

—— 

I[62] E[157] 

Ytterbium 

Yb 

70 

— 

I[53] n[281] 

Lutetium 

Lu 

71 

— 

I[82] n[81] 

Hafnium 

Hf 

72 

— 

I[433] II[309] 

Tantalum 

Ta 

73 

— 

I[789] n[288] 

Tungsten 

W 

74 

— 

I[1045] n[108] 

Rhenium 

Re 

75 

— 

I[824] n[48] 

Osmium 

Os 

76 

— 

I[912] n[35] 

Iridium 

Ir 

77 

— 

I[511] 

Platinum 

Pt 

78 

— 

I[161] II[1] 

Gold 

Au 

79 

I 

I[26] 

Mercury 

Hg 

80 

I n HI IV 

I[19] 
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Table 1—Continued 


Element 

(1) 

Symbol 

(2) 

z 

(3) 

stage of Ionization 
(4) 

Additional 
Values by 
Corliss and 
Bozman (not 
included in (4)). 
Stage of 
Ionization 
(5) 

Thallium 

T1 

81 

I 

I[18] 

Lead 

Pb 

82 

I 

I[38] n[i] 

Bismuth 

Bi 

83 

I 

I[32] 

Polonium 

Po 

84 

— 


Astatine 

At 

85 

— 


Radon 

Rn 

86 

Hf 


Francium 

Fr 

87 

— 


Radium 

Ra 

88 

— 


Actimum 

Ac 

89 

— 


Thorium 

Th 

90 


I[342] II[789] 

Protactinium 

Pa 

91 



Uranium 

U 

92 


I[326] II[316] 


Appendix to Table 1. Conversion Factors 

The numerical factors relating the quantities A^^, and S are 
given in the table below, where: 

Aj^j. is the transition probability for spontaneous emission (sec-l). 

fjl^ is the absorption oscillator strength (dimensionless). 

S is the line strength in atomic units, which are: 

For electric dipole transitions (allowed - denoted by E^): 

a 2 e2 =: 6.459^ x 10 cm^ esu^; 
for electric quadrupole transitions (forbidden - denoted by E^): 

a 4 e 2 = l,808g x 10 ”22 ^m"^ esu2; 
for magnetic dipole transitions (forbidden - denoted by M^): 
eV/16>7^me^c^ = 8.599 X 10“''gauss"^. 

The wavelength X is given in Angstrom units. 

g is the statistical weight. 

The factor in each square converts by multiplication the quantity 
above it into the one at its left. The upper energy level of a transition 
is denoted by the subscript k, the lower by i. The initial state is written 
first, i.e., i first means absorption. 
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Conversion Factors 
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Appendix to Table 2 

Besides the quantities introduced above, the following are also in 
use and are related to them by: 

1. Transition probability of absorption B^j^ 

Bik = 6.01X3 

2. Transition probability of induced emission Bki 

Bfci = e.OlX^ 

3. Emission oscillator strength fki 


Finally, it should be noted that the line strength S is symmetrical: 

S = Sik = 

Since hydrogen-like ions (with one electron and nuclear charge Z) 
have intensity quantities which are simply related to hydrogen, papers 
dealing with these ions are not included in the bibliography. For con¬ 
venience, the relations are given below: 

fz=fH S2 = Z"^Sh Az = Z'*Ah. 

♦ ♦ * 

The numerical values for the natural constants were taken from 
Cohen, E. R., Crowe, K. M. and Dumond, J. W. M., Fundamental Con¬ 
stants of Physics (Interscience Publishers, Inc., New York, 1957). 


are available per element, and only the transition probability for 
the resonance line may have been determined. But, judging from 
our experience gained in the data center, it should generally be 
possible now to obtain reliable transition probabilities for the 
strongest lines of the important light elements and some metals. 

If the transition probability for a particular line has been 
found in the literature, the question of its accuracy arises. A 
critical evaluation is very difficult. The theoretical determina¬ 
tions generally cannot give estimations of the size of the errors 
introduced by the various approximations, and experience shows 
that in many experimental determinations sources of systematic 
error have been overlooked. In the following sections the major 
theoretical and experimental methods are briefly reviewed with 
the emphasis on discussing their accuracy. 
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DISCUSSION OF THEORETICAL AND 
EXPERIMENTAL METHODS 

Calculations based on the self-consistent field approximation 

Aside from the Coulomb-Approximation, which will be dis¬ 
cussed later, this method has found the most general use for the 
calculation of f-values. It provides a set of wave fimctions for 
the atomic electrons, which produces an approximately seH- 
consistent field. The transition probabilities are then determined 
by integration over the radial parts of these wave-functions. A 
short outline of the procedure, developed by Hartree and exten¬ 
sively described by him [s], is given below: 

It is assumed that the charge density distribution of the 
atomic system is spherically S3nnmetric, i.e., the potentials of 
the electrons depend only on their radial positions. Correlations 
between the electrons are neglected; all are supposed to move 
independently in the central field, experiencing only the averaged 
charge distribution of the other electrons and the nucleus. With 
these simplifications the motions of the individual electrons can 
be calculated by assuming trial wave-functions for the others, 
and from the resulting wave-fxmctions the charge density dis¬ 
tribution is computed and compared with the initial one obtained 
with the trial fimctions. If self-consistency is not achieved, the 
new, computed wave-functions are used as trial-functions and the 
procedure is repeated until initial and final charge distributions 
are identical, i.e., the field is self-consistent. 

This basic procedure was improved by Fock, who included 
exchange effects between electrons of the same spin [6], and by 
Biermann, Trefftz and others, who also took into account other 
correlations between the electrons [7] and, in particular, polari¬ 
zation of the core electrons by the excited electron [8] and con¬ 
figuration mixing [9]. 

The self-consistent field method does not permit an estima¬ 
tion of the errors introduced by the various approximations. 
However, comparison with experimental results and internal 
consistency checks appl5dng the "dipole-length" and "dipole- 
velocity" formulas [7] show that at least for simpler atomic sys¬ 
tems accurate transition probabilities with overall uncertainties 
probably smaller than 20% are obtained, provided the refined 
procedure including exchange and other correlation effects is 
applied. 

Measurements in Emission 

Experimentally, the largest number of f-values so far has 
been obtained from measurements of the intensities of spectral 
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lines which are emitted from plasmas imder well known condi¬ 
tions. The plasma sources are various t 3 rpes of arcs and, to a 
lesser extent, shock-tubes. Astrophysicists have also utilized 
the spectra of carefully analyzed stellar atmospheres. The 
method is briefly as follows: The transition probability for 
spontaneous emission from state k to state i, , is defined by 
the relation 


Jki =-^Aki hyNk, (1) 

where Jki is the total intensity (in ergs sec“^ cm“^ sr“^) of a 
line of frequency u, h is Planck's constant and Nk the density of 
atoms in the upper state k. A^j may therefore be obtained from 
the measurement of J ki and the determination of Nk. 

The experimental conditions are always chosen so that the 
plasma is approximately in a state of local thermod 3 mamic equi¬ 
librium, because Nk isthen afunctionof temperature and density 
only'and can be determined from the application of equilibrium 
and conservation equations and measurements of the temperature 
and electron density. These measurements are mostly done 
spectroscopically from the determinations of the intensities of 
lines and continua of known transition probabilities and absorp¬ 
tion coefficients or by measuring line profiles and utilizing the 
results of line broadening theory. This means in practice that 
hydrogen or helium, for which all the relevant data are rather 
precisely known, must be added to the plasma. But the introduc¬ 
tion of another element complicates the diagnostics of the plasma, 
since the densities of additional species have to be determined. 
In arcs one also has to take into account "demixing" effects [lO], 
which make the mixture ratio of cold gas mixtures unreliable 
for the description of the plasma. 

The early arc work was done at Utrecht University starting 
about 1930. Free burning, unstabilized arcs were used for the 
determination of a large number of mostly relative transition 
probabilities for the alkalis, alkaline-earths and refractory 
metals. Temperatures of 4000-8000°K were reached in the arc 
column, which sufficed for the excitation of the stronger atomic 
lines of these elements [ll]. 

In the 1950s high current arcs were developed at Kiel Uni¬ 
versity and axis temperatures up to 50,000°K could be ob¬ 
tained [ 12 ]. The arc column was stabilized in its position and 
constricted by liquids, gases or cooled metallic walls. The wall- 
stabilized arc, now widely in use, is probably the most stable high 
temperature source [13]. These arcs have been applied in the 
last several years to measurements of f-values for numerous 
lines of several neutral and singly ionized elements, in particular 
carbon, nitrogen and oxygen. 
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In recent years the shock tube has gained in importance as 
a spectroscopic light source. At Michigan University the f-values 
for several elements were measured with a conventional, 
diaphragm-type shock-tube[l4]. The thermal state of the plasma 
behind the shock front could be determined simply from the meas¬ 
ured shock velocity and application of the equations for conserva¬ 
tion of mass, momentum and energy, i.e., the Rahkine-Hugoniot 
equations. A steady state with temperatures in the range from 
5000-15,000°K was obtained behind reflected shocks for times as 
long as 100 iisec. Because of the short time scale no demixing 
can take place, but now spectroscopic techniques with good time 
resolution have to be applied, which are more complicated. Very 
fast pulse techniques are necessary for the recently developed 
magnetically driven shock tubes with which very high tempera¬ 
ture plasmas in the range from 20,000 - 100,000°K may be 
produced. Here the stationary state behind the shock front lasts 
only for a time of the order of a microsecond. For magnetically 
driven shocks, the Rankine-Hugoniot relations may no loiter be 
utilized for the determination of the state of the plasma, and the 
temperature and electron density have to be determined directly 
from measurements [15]. With such shock tubes the relative 
transition probabilities for some helium lines have already been 
measured [16], and measurements for some 0 HI lines are under 
way [17]. 

The best absolute f-values obtained from emission experi¬ 
ments are accurate within 15%, but for the bulk of data reported 
in the literature errors between 20 to 50% must be expected and 
in some cases they may be even higher. This is especially true 
for the early arc experiments, which did not take into account 
the radial temperature and density distribution of the arc column. 
Only effective temperatures and densitie s were determined, which 
introduced some systematic uncertainties. 

The state of local thermodynamic equilibrium seems to be 
always closely approximated, even in the fast, high temperature 
shock waves. Also, the plasmas have been generally checked for 
self-absorption. The demixing effect has made unreliable the 
results of some arc experiments with gas mixtures, in which the 
mixtiire ratio was utilized for the analysis. Other significant 
errors in emission experiments arise from difficulties in deter¬ 
mining the continuous background under the lines, from neglect¬ 
ing the contributions of the distant line wings, from uncertain¬ 
ties in the standard light sources and from uncertainties in the 
high-density corrections due to interaction effects in dense 
plasmas. Measurements with wall-stabilized arcs should give 
the most accurate results. 
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Measurements in Absorption 

The determination of f-values from absorption measure¬ 
ments is based on a method which is quite similar to the one 
used in the emission experiments, since the emission- and 
absorption-coefficients are proportional over the wavelength 
range of a line. The transition probability for absorption is 
introduced, analogous to Eq. (1), by 

W* = ^ Bik Ni u,, hv . (2) 

471 

W* is the energy absorbed in a spectral line (in erg sec~^ cm“^ 
and sr~^), Uj, the density of the radiation field, and Nj is the 
population of the lower excited state, which is a function of tem¬ 
perature and total number density if thermal equilibrium exists. 
Frequently the absorption is expressed in terms of the intensity 



of the radiation field as 

W„ = WVJv = cii^ = Bik Ni ^ (2a) 

with being the absorption coefficient per cm length. W„ is 
often referred to as the "equivalent width" of a line. 

In the measurement of the total absorption of lines, the 
radiation field is produced by a light source giving a continuous 
spectrum such as the txmgsten strip lamp. It then passes through 
the absorption tube, which is gas filled containing the element to 
be investigated. The tube has to be at a high temperature to 
achieve evaporation for the absorbing element, because this must 
be in the atomic state with sufficient population of excited levels. 
To do this, R. B. King and A. S. King and collaborators at the 
California Institute of Technology have used an electric furnace 
and reached temperatures up to 2600°K [18]. However, even at 
these temperatures only the lower excited levels of a number of 
metallic elements are sufficiently populated to produce strong 
enough absorption lines. Hence, the absorption measurements 
are confined to lines of refractory metals, alkalis, alkaline- 
earths, and resonance lines of some other elements. 

For the determination of B ik, again temperature and particle 
density measurements are required, assuming that thermal 
equilibrium exists. The temperature was generally obtained 
from pyrometric measurements, and the number density of 
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absorbing atoms was determined from vapor pressure measure¬ 
ments in conjunction with available vapor pressure curves [l9]. 
K vapor pressure curves were not known and only the tempera¬ 
ture could be determined, relative f-values were obtained. Since 
the vapor pressure data at high temperatures are still somewhat 
unreliable, absolute f-values obtained this way should be treated 
with caution [20]. A big improvement in the absorption method 
was achieved by using an atomic beam as the absorber and con¬ 
densing the atoms on a microbalance built into the chamber. Now 
the number densities could be determined from the increase of 
mass per imit time on the microbalance and from the mean veloc¬ 
ity of the beam which is proportional to the square-root of the 
temperature. This method, developed byKopfermannand Wessel 
in 1951 [21], has recently been used also at King's laboratory [20]. 

The major source of systematic errors in the older 
absorption-tube method are uncertainties in the vapor pressure 
data. In the case of the iron resonance line at 3070 A, these are 
probably responsible for the big discrepancy of about a factor of 
3 between earlier measurements and the more recent results [20]. 
The overall uncertainty in atomic beam experiments should be, 
cautiously estimated, of the order of 20%. The main xmcertain- 
ties are caused by fluctuations in the beam density, and reflection 
of a fraction of the atoms from the pan of the microbalance in¬ 
stead of adherii^ to it. 

Lifetime Determinations 

The direct measurement of lifetimes of excited atomic states, 
which are usually in the range from 10“^ to 10~® sec, has been 
attempted for 40 years. Wien and his school produced in a high 
voltage discharge tube excited atoms and ions, accelerated them 
in the electric field and let them escape through a hole in the 
cathode (the "canal") into a high vacuum and observed the decay 
of light of this "canal ray" photographically [22]. But the canal 
ray method was still too crude to give reliable results. In the 
last ten years a number of different methods to study lifetimes 
of excited states have been devised, which are based mostly on 
fast coimting techniques developed in nuclear physics [23]. The 
procedure is to excite atoms by radiation or electron impact in 
short bursts and to observe the subsequent depopulation of excited 
levels by studying the time decay of the emitted radiation. The 
population of an excited level k decays according to 

Nk = e-Vkt (3) 

where No,k is the population at time t = o. Thus, an exponential 
decay in the radiation is observed. The lifetime of the 
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atomic state is related to the transition probability Aki for 
spontaneous emission by 

2 Aki - E Bik u(i^ik) + E Bkp u(i^pk) + Q , (4) 

i i p 


neglecting induced emission. Q denotes a term for the collisional 
population and depopulation rates. In order to obtain Aki, one 
has to eliminate the collision term Q, and also keep the radiation 
field Up, produced by the decay, so small that the absoiption terms 
(p denotes levels higher than k) are negligible. Both conditions 
are achieved at very low pressures. Furthermore, generally 
only the sum of all probabilities for transitions into lower levels 
i is obtained, and the Aki for a particular transition can be ob¬ 
tained explicitly only in three cases; (a) The sum reduces to a 
single term, i.e., only transitions to the ground state are possi¬ 
ble. This is for example the case for the resonance lines of the 
alkalis, (b) The sum is dominated by one strong term, e.g., it 
contains a transition of comparatively very high frequency v (Aki 
is proportional to or all transitions but one are forbidden, 
i.e., have very small transition probabilities, (c) The relative 
transition probabilities contributing to the sum are known. 

This method'is, therefore, limited to only a few lines per 
atom, namely those originating from the lowest excited levels. 
But the results should be very accurate, with uncertainties less 
than 10 percent, since the method is simple and the instrumenta¬ 
tion is by now well developed. The major uncertainties arise 
from cascading from higher levels, which repopulate the lower 
ones, and from depopulation by collisions. 


Measurement of f-values from the anomalous dispersion 
at the edges of spectral lines 

Rozhdestvenskii obtained as early as 1912 accurate numbers 
for the relative f-values of the two sodium D-lines from inter¬ 
ferometric measurements of their anomalous dispersion [24], 
and since then a large number of f-values, predominantly rela¬ 
tive, were determined in Russian and German laboratories with 
this method. It is based on the following idea: In the neighbor¬ 
hood of a spectral line the index of refraction n varies accordii^to 


iv m^ c^ X - y Ni gjj y 


(5) 


Here gp denotes the statistical weight of state p; k is the upper 
state; and e, me, c are the usual natural constants. If the gas is 
in thermal equilibrium, the population of the excited states is 
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governed by the Boltzmann formula, so that usually Nk « N,, 
and Nkgi/Nigk maybe neglected. For the determination of Nifik 
the index of refraction n at the wavelength distance X - A ^ from 
the center of the line, Xo,has to be measured. This can be most 
precisely done interferometrically with the "hook" method de¬ 
veloped by Rozhdestvenskii, and extensively described by him [24]. 
In this method the gas to be studied fills an absorption tube, which 
is part of the interferometer. The tube must be at an elevated 
temperature to achieve evaporation and sufficient population of 
excited levels, as in the other absorption experiments. The level 
populations may again be expressed as functions of temperature 
and total density by usii^ the Boltzmann formula. If only the 
temperature, but not the density can be measured, relative f- 
valuesare obtained. Absolute values were determined sometimes 
from vapor pressure measurements and, recently, from a com¬ 
bination of the anomalous diversion and absorption method [25]. 

The accuracy of transition probabilities obtained with this 
method should be slightly better than in absorption experiments. 
While the product Nifik can be measured accurately, the major 
uncertainties come from the determination of the level popxila- 
tions Ni. 

Other Methods 

In addition to the major methods described above, a number 
of other theoretical and experimental methods have been employed 
for the determination of transition probabilities, but have not 
gained as much importance. Among other theoretical methods, 
the Wentzel-Kramers-Brillouin procedure [26] and the screening 
approximation by Layzer[27] and Varsavsky[28]need to be men¬ 
tioned. The former has found application only in some special 
cases. The recently developed screening approximation was 
applied by Varsavsky to a large number of transitions [28]. The 
initial results do not always compare well with values obtained 
from other methods. But the theory is promising, and with fur¬ 
ther refinements good results should soon be forthcoming. 

Other experimental methods make use of the magnetorota¬ 
tion, magnetic resonance and other effects. They have been 
applied only in fecial cases, but are capable of producing ac¬ 
curate f-values. 

COMPREHENSIVE ARTICLES 

The available literature is fortunately supplemented by two 
very comprehensive determinations of transition probabilities; 
The Coulomb-approximation by Bates and Damgaard[29] and the 
line intensity measurements at NBS [3,4]. While the latter work 
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gives explicitly the f-values for 25,000 lines of 70 elements, the 
results of the former are presented in a set of tables, from which 
the f-values for many lines can be quickly derived. 

The Coulomb-Approximation 

Under the assumption of Russell-Saunders coupling the line 
strength S (for its relation to f and A, see table 2) may be ex¬ 
pressed as the product of three factors [29] 

S = § (M) S (L) . 

The first two factors represent the strength of the multiplet 
(S (M)) and the fractional strength of the spectral line within the 
multiplet (§ (L)). The numerical values maybe obtained from 
tables by Goldberg [30] and White and Eliason [31], which are also 
reproduced by Allen [32]. 

The difficult problem is the evaluation of the transition 
integral ct. Bates and Damgaard showed that in general the main 
contribution to the integral comes from a region in which the 
deviation of the potential of an atom or ion from its asymptotic 
Coulomb form is so small that it may be replaced by the latter. 
Since for the Coulomb potential an anal 3 rtic solution of the transi¬ 
tion integral is known, it is possible to calculate ct ^ as a function 
of the observed term value and the azimuthal quantum number. 
Bates and Damgaard have thus compiled tables with numerical 
values of o^for s-p, p-d and d-f transitions. 

The Coulomb approximation is restricted to transitions be¬ 
tween levels having the same parent term. It gives the best re¬ 
sults if the degree of cancellation in the transition integral is 
small, i.e., if is not too close to zero, and if the upper and 
lower level of the excited electron is in a shell which contains no 
other electrons. This is true for the moderately and highly ex¬ 
cited levels. But even if the lower level is in a shell which con¬ 
tains other electrons, the results agree fairly well with those 
obtained by other methods. 

Comparison with other theoretical and experimental values 
shows that for simple atoms or ions, i.e., those with one electron 
outside closed shells like the alkalis, the agreement is especially 
good. The deviations are usually smaller than 10%. Also, for 
many of the more complex atomic systems, in particular for light 
elements, good agreement is obtained. Larger discrepancies are 
reported for heavier atoms [33], but here the lack of reliable 
data makes an assessment of the accuracy of the method difficult. 

Onthe whole, this method has given remarkably good results 
and has proved to be of great value. It may be confidently used 
if the conditions as indicated above are met. 
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The Line Intensity Measurements at NBS 

Meggers, Corliss, and Scribner at 
NBS have determmed relative intensities for 39,000 lines of 70 
elements in the wavelength range of 2000-9000 A [3]. They used 
as toeir light source a free-burning d.c.-arc with copper elec- 
toodes mto which 0.1 atomic percent of each element was mixed. 
K burning in air with an admixture of 

about 10 parts of copper and 10“® parts of the element to be 
measured. In this way the same conditions for all 70 elements 
were obtained and comparisons on a uniform scale could be 
intensities were determined photographically 
with the followmg, somewhat simplified method: A relatively 
broad spectrograph slit was used to insure that all lines have the 
same widta and a uniform intensity over their width. The rela¬ 
tionship between measured photographic densities and relative 
intensitaes was then obtained in the usual manner using a stand¬ 
ard light source in connection with a rotating step sector which 
produced known intensity steps. 

The temperature of the arc was determined by compar ing 
tae measured line intensities with known transition probabilities. 
This could be done for 20 elements and good agreement among 
the individual determinations was obtained, indicating the general 
consistency of the data. After the arc temperature was estab¬ 
lish^, the procedure was reversed and a large number of rela- 
nve f-values for these and the other elements could be derived 
These were then converted to an absolute scale as follows: 
menever good absolute f-values were available in the literature, 
the relative values were normalized against them. For all other 
elements the normalization factor was determined from the 
mom ratio of the elements against copper. For second spectra 
tae SaM equation was utilized. Altogether, absolute f-values 
were derived for 25,000 lines of 70 elements. For the other 
necessary spectroscopic data, in particular the energy 
as data have been recently published 

ftl of Monopaph [4]. In column 5 of table 2 the availabil¬ 
ity of this material is listed. 

of ..'^^*^°’^^‘^°”^P3,ratively large errors in the absolute f-values 
vPi^i w °f ^ expected, this work should be 

all applications where high accuracy is not re¬ 
quired. The mam contributions in the error arise from uncer- 

frnm'no«im electron density determination, 

from possible demixmg effects" in the arc column, from statis- 

the the intensity measurements and from neglecting 

the radial temper^ure and density distribution in the arc. 

present status of our 
knowledge ofatomic transition probabilities is still very far from 
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complete, and much needs to be done. Especially critical is the 
almost complete lack of accurate f-values for the more compli¬ 
cated atomic systems. Thus one of the most important tasks is 
to improve the accuracy of the theoretical and experimental 
determinations. 

Furthermore, it is very desirable to have a general tabula¬ 
tion of all numerical data available, as is the case for other 
atomic data like energy levels, etc. At NBS a critical evaluation 
of all data for the lightest ten elements and a tabulation of the 
’’best" f-values is imder way. This work will probably be com¬ 
pleted at the end of this year and will be published as an NBS 
Monograph. Further tabulations for other elements are planned. 
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RECENT DEVELOPiAEMTS IN INFRARED ATOMIC EMISSION 
SPECTROSCOPY IN THE 1- TO 4-MICRON REGION 


Curtis J. Humphreys 
U. S. Naval Ordnance Laboratory 
Corona, California, U.S.A. 


INTRODUCTION 

The range of spectral response of photographic emulsions 
has, to a large extent, established the boundaries of the regions 
of observation of atomic emission spectra. Although the fre¬ 
quency dependence of transition probabilities leads^ to the 
expectation that the preponderant energy in most atomic spec¬ 
tra -will be emitted within the photographic region, there is 
abundant evidence that penetration of the artificial cu^in near 
l.Spcan lead to the acquisition of material that is highly sig¬ 
nificant and in some cases indispensable for the complete anal¬ 
ysis of spectra. . . 

The author has reviewed the state of progress m me in¬ 
vestigation of atomic spectra based on observations to toe 
extra-photographic region in a series of articles j, 1,2,3J be¬ 
ginning with a presentation at the Rydberg Centennial Confer¬ 
ence. hi each instance it was noted that activity in this spe¬ 
cialty is divided into two distinct periods separated by an 
interval of more than thirty years. The first period, ending 
about 1914, is represented almost entirely by the work of 
Paschen and his pupils, using thermal^ detectors, and is re¬ 
ported to the monograph by Paschen-Gotze 1.4J. The modern 
period began with the introduction of photoconductive detectors 
shortly after the close of World War II. 

It is the purpose of this article to emphasize toe signifi¬ 
cance of a number of specific accomplishments rather toan 
to reference all contributions, the latter objective having been 
realized in the article included in the special issue of the 
Journal of the Optical Society of America dedicated to Profes¬ 
sor H. M. Randall [3]. 
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THE PASCHEN ERA 

The observations during the firstperiod were all made upon 
relatively simple spectra, restricted essentially to the alkalis 
and alkaline earths. The energy limitation set by the use of 
thermal detectors—usually linear thermopiles—made it neces¬ 
sary to employ wide slits, something that in turn prevented the 
resolution of line structures or even the finer details of more 
complex spectra. This limitation was one of the reasons for the 
virtual abandonment of this experimental approach. An abbrevi¬ 
ated compilation of the outstanding infrared lines associated with 
elements studied in the first period is displayed in Table 1. This 
material is introduced mainly because of the significance of some 
of the results of this early work for current studies. In instances 
where a term combination leads to a multiplet only the line of a 
particular category of maximum intensity located in the extra- 
photographic region is listed with appropriate designation of the 
levels involved in the transition. A considerable number of less 
con^icuous lines originating in various Ritz Combinations in the 
spectra of these elements are listed in the original compilation [4]. 
The essentially hydrogenic transitions, 4f - 5g^G and 5g^G - 
6 h%°, at approximately 4.0 and 7.4 p, observed by Paschen in 
all alkali spectra, are analogous to the Brackett and Pfimd series 
respectively but actually were observed several years earlier. 
These lines have never been re-observed. 

The wavelei^ths of the extremely intense, six-line, diffuse 
series multiplets in Ca I, Sr I, and Ba I, may all be caJculated 
with high precision from interferometric measurements on Ritz 
Combinations involving the same levels [5]. Unfortunately the 
same situation does not apply to the infrared principal-series 
multiplets of zinc, cadmium, and mercury. Consequently the 
precise evaluationof the levels 5p of Zn I, 6 p^P°o,i .2 of 

Cd I, and 7p ^°o,i ,2 of Hg I has had to await modern infrared 
interferometric measurements, something that has been accom¬ 
plished in the instance of the latter two spectra [ 6 ]. Another 
problem whose solution has been involved in the transition from 
old observations to new is theidenttficationof the separate levels 
of the5f^F° terrain Hg I [7]. This was accomplishedbyobserva¬ 
tion of the resolution of tiie multiplet 6 d^ - 5 f into its sep¬ 
arate components. Revisions of the original classifications are 
discussed in the referenced paper. 

OUTLINE OF CURRENT PROGRAM 

The author's current program emphasizes two essentially 
distinct areas: observation and description of ^ectra by high- 
resolution scanning methods for the purpose of analyzii^i^ectra 
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Table 1 

Leading Lines, Infrared Multiplets, Paschen-qotze 



Transition 

<jvac. cm.'^ 
calc. 

O 

V air, A 
calc. 

X A, obs. 
Paschen 

H 

3d - 4f 

5331.562 

18^51.109 

18751.35 


2s 3Si - 2p 

9230.79 

10830.341 

10830.32 


3d^D -4f^F° 

5350.71 

18684.01 

18683.4 

He I 

3d - 4f 

5348.02 

18693.41 

18693.4 


2s - 2p 

4857.448 

20581.324 

20581.312 

Li I 

3d - 4f ^F° 

5347.08 

18696.69 

18697.0 

Nal 

3d - 4f 

5415.745 

18459.64 

18459.5 

K I 

3d - 4f ^F° 

6593.3 

15162.8 

15166.3 


5p 

6538.45 

15289.96 

15290.3 

Rbl 

4d ^Daji - 4f ^P” 

7436.97 

13442.66 

13443.7 


5p 2P?„ - 6s * Soi4 

7317.0 

13663.0 

13666.7 


6p " 5d 

2864.73 

34897.78 

34892.0 

Csl 

ep^P^y -7s2So„ 

6803.2 

146 9 5.0 

14694.8 

Cul 

4d ^Djii - 4f ^F354 

5484.2 

18229.2 

18229.5 

Agl 

Sd^Djji - 4f ^F“ 

5440.51 

18375.61 

18382.3 

Ca I 

4p®P2 - 3d *D| 

5055.039 

19776.842 

19777.1 

Sri 

Sp’Pj - 4d ®d| 

3420.704 

29225.776 

29225.9 

Ba I 

5d *D3 - 6p "Pa 

3918-187 

25515.047 

25515.7 


4s^Si - 4p ^Pa 

6654.4 

15023.5 

15024.3 

Mg I 

4s 1 S - 4p 1 P° 

5843.6 

17108.0 

17108.1 


Sd^Ds -4f^F° 

6719.34 

14878.34 

14877.1 
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Table 1—Continued 



Transition 

a vac. cm'^ 
calc. 

o 

A air, A 
calc. 

X A, obs. 
Paschen 


5s*Si -Sp^Pj 

7657.9 

13054.8 

13054.89 

Zn I 

5s ^So -5pipJ 

7120.8 

14039.5 

14039.5 


4d - 4f ^F° 

6057.4 

16504.2 

16498.6 


6 s ^Si - 6 p^P 2 ° 

7151.904 

13978.470* 

13979.22 

Cd I 

6s *So -6pipJ 

6597.193 

15153.822* 

15154.78 


5d - 4f 

6065.7 

16481.6 

16482.2 


7s ^Si - 7p ^Pa 

8857.007 

11287.406t 

11287.15 

Hg I 

7s‘So -7p‘PJ 

7366.872 

13570.573t 

13570.6 


6d - 5f ^FJ 

5855.68 

17072.78 

17072.67t 


6d - 5f ‘F3 

5909.50 

16917.28 

16921.0 t 

T11 

6d - 5f 

6118.5 

16339.4 

16340.3 


*Recent interferometric measurement. 
tRecent interferometric measurement on 
I Classified differently by Paschen. 


brought under investigation for the first time or extending the 
analyses of spectra in which the energy levels are incompletely 
known; and interferometric determinations of wavelength in order 
to extend the international system of standards into the extra¬ 
photographic region. 

SELECTED EXAMPLES OF ANALYSIS BASED ON 
INFRARED EXPERIMENTAL MATERIAL 

A limited number of examples, illustrative of the first class 
of problems, will now be considered. One of the principal incen¬ 
tives to the initiation of the program was a gap in the energy- 
level scheme of Ca I, namely, the then unknown Sd^ ^F levels. 
Dr. Henry Norris Russell had brought this deficiency to the 
attention of the Director of the National Bureau of Standards 
along with a special request that observations be undertaken in 
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order to supply the rema-ining material for a monograph he had 
in preparation. It turned out eventually, although not completely 
certain at the beginning of the investigation, that infrared obser¬ 
vations beyond the photographic limit were needed to supply the 
essential experimental material. The discovery of the missing 
levels, illustrated by the multiplets displayed in Table 2, repre¬ 
sented the first conspicuous success of the program in makii^ a 
significant extension to spectrum analysis [8]. 

A much more recently studied example of a spectrum requir¬ 
ing extraphotographic infrared observations for completion of the 
analysis is Cl I. Here the most obvious gap was a fairly wide 
one comprising 22 levels, namely, the even and ^P levels 
arising from the s^ p* • 5s configuration, and the even '*P, '^D, '*F 
and the ^D, levels from the s^p'* -Sd configuration, all 
converging to the^P limit. All of these missing levels were 
found on the basis of the infrared observations, and the results 
are reported in two publications [9]. Table 3 contains a list of 
the new levels with revisions explained in the immediately fol¬ 


lowing material. 

Making use of the same experimental material, together with 
a photographic description by Corliss which was also used by 
Humphreys and Paul, Minnhagen [lO] was able to interpret 16 
unassigned levels found by the previous authors and several 
additional levels that he found as belonging to the (^P) 4f, 5f, md 
6f configurations. Employing a theoretical procedure involving 
the evaluation of Slater parameters, Minnhagen was able to 
identify these levels by means of the energy expressions for the 
p^f configuration in pair coupling. AH the 4f and 5f levels 
identified, and the positions of the 6f levels not actu^ly lo^d 
were predicted. Furthermore on the basis of material supplied 
by Avelldn, some revisions were made in the assignments pro¬ 
posed by Humphreys and Paul. In one instance, that of tte v^ue 
proposed for 3d¥2Vi,the level was rejected and a substitution 
made. In other instances there was merely an interchange of 
assignments. It is emphasized that this ability to make m^big- 
uous assignments, where there is wide departure 

coupling, is illustrative of the great power inherent m modern 

theoretical procedures, which can be carried out readily by aid 


of electronic computers. . in rpnpnt 

Similar infrared observations have been included in rec 
inYeS:igations of Ii[ll] and of Bri, the latter still unpublished. 
The spectra of several fourth group 

tional examples of the urgent ^a^er 

mental material. The analysis of Ge I has been brought nearer 

S "pStoTLa thatof sn I or ^ I. The 
cation dealing with the analysis of G®. 

Meissner [12], hut this spectrum is still under intensive stuay. 
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Table 3 

Even Energy Levels of Cl I 


Code 

Assignment ] 

Level value I 
cm’^ 

Absolute value,* 
cm'^ 

No. ^ 

Humphreys & Paul ^ 

A.vellen 

8 

3d"D3« 


87975.13 

17015.87 

9 



88075.78 

16915.22 

10 

Sd^DiH 


88184.10 

16806.90 

11 

Sd^DoM 


88268.35 

16722.65 

12 

3d^F4yi 


90189.23 

14801.77 

13 

Sd^Fa^ 


90483.50 

14507.50 

14 

3d'^F2V4 


90744.95 

14246.05 

15 

Sd^Fi^ 


90944.23 

14046.67 

16 

3d"P2i4 


91656.20 

13334.80 

17 

3d‘'Pi« 

5s 

91676.57 

13314.43 

18 

3d "Pom 

1 5s ^PoH 

92146.98 

12844.02 

19 

5s "PjM 


91122.66 

13868.34 

20 

5s"Pim 

3d "PiM 

91169.15 

13821.85 

21 

5s "PoM 

3d "Pqm 

91064.59 

13926.41 

. 

3d ^Fjm 

rejected 

91304.06 

13686.94 

22 


CO 

91560.00 

13431.00 

23 

3d"F3M 


91085.10 

13905.90 

24 

3d *D2» 

3d *Fjm 

91339.20 

13651.80 

25 

3d^DiM 


91534.18 

13456.82 

26 

3d ^PiM 

3d *D2 m 

91902.44 

13088.56 

27 

3d* Pom 


92189.74 

12801.26 

28 

5s *PiM 


92135.80 

12855.20 

29 

5s ^Poyi 


92598.30 

12392.70 


♦Based on Limit, Cl II, 104991 cm'^ . 
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I^i^man and Andrew [l3] have made extensive interferometric 

wavelen^®'!*®’^^®? for the purpose of extending the system of 
wavelen^s^dards and of establishing more precise values of 

SL ! u' support theoretical studies being car- 

^ that include development of a 

computer program for determinii^ the values of the Slater pa- 
ameters which giv® the best fit between the calculated values- 
toat IS eigenvalues of the Hamiltonian Matrix-and the experi- 
levels of the atom. Computation of matrices of 
coefficients in £s, jj, and U coupling permit determi- 

510 o V. cprsponderance of a given coupling scheme expressed 
as a percentage. 

of the article by Andrew and 
ippt tn n tenets of the 4s^4p4f configuration were sub- 

uncertainty, both as to the identification and 
number assignment. Inmost instances the levels of the 
a those authors in parenthesis indicating 

An^^Sr ®°^® At the suggestion of Dr. 

wat3ptt f arrangement between him and this author 

*^® ®^®rf“ental observations into the 
'^®^® ®^®cted that would strengthen 
ideS^Hn^ level assi^ents, improve the values, andpermit 
Sfv 3n X configuration, specifi- 

been real’i^pH ’ these objectives have 

ideiifSiHnn^^ The first set of infrared observations led to the 
deSraWp^p I ti “'^sing levels. Later, when it appeared 
nViQA-TTrof • establish more precise level values, interferometric 
mSo^undert^en. These led to the precise deter- 

bvSranSpl hif ^ ^® developed and described 

off [is]. These lines included nine described by tran- 

Srent7"SSfpf t supporCmSs- 

nJSe^'aL if ^ L® ^ of the latest wavelengths, wave 

work has S^n *^®®® combinations. This 

tions hfil ^Th7- several presentations and publica- 

preparation publication with Dr. Andrew is now in 

ip,r^T^ final example of investigations contributii^ to the energy- 

to -'“O be tocluded as an 

very rSSt tafpiSi 7 wavelength standards. This is a 

Ar I f^r tS combinations in 

Ar 1 lor the purpose of improving the evaluation of the 4f levels 

the instance ofambiguoustran- 

same nu^bL 3p5 4f,leads to levels of the 

ame mmber and quantum description as 4s^4o4f in Ge T Pen 

lor evaluation of Slater parameters applies. Ih the inLnce of 
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Table 4 


Identification of Interferometrically Observed 
Combinations of 4f Levels in Ge I 


Wavelength, 
vacuum, A 

Coded 

description* 

Conventional 

description 

11920.2705 

9° - 25.3 

4d - 4f 

12290.1076 

10° - 25.4 

4d ^F, - 4f 3 G 4 

12680.0517 

6° - 21.4 

4d ^D°2 - 4f ^F3 

12684.7471 

6° - 20.5 

4d ^D° - 4f ^F, 

12804.1560 

7° - 21.6 

4d ^D° - 4f ^Fj 

12839.8923 

10.1° - 26.4 

4d ^F^ - 4f ^Gs 

13111.1967 

8° - 21.5 

4d - 4f ^F4 

14120.5559 

11° - 25.5 

4d - 4f ®D3 

16703.8522 

17° - 26.5 

4d ‘ F 3 ° - 4f ‘ G 4 


*Accordmg to reference [12]. 


the 4f levels of both spectra the extreme development of ji coupling 
approaches the complete degeneracy of pure pair couplii^, in 
which the pair separations become vanishingly small. Interfer¬ 
ometric observations have been completed on the more intense 
3d - 4f transitions [l7]. The wavelengths are shown in Table 5 
and the revised levels, togetherwithpair separations, in Table 6. 
It develops that, within the limits of resolution available in these 
experiments, the ambiguous transitions consist entirely of the 
more intense component. This situation makes these lines avail¬ 
able as wavelength standards of absolute accuracy comparable to 
that of argon lines of different origin discussed in the following 
section. 

INTERFEROMETRIC DETERMINATION OF INFRARED 
WAVELENGTH STANDARDS 

The program of interferometric measurement, intended to 
make available standard wavelengths of acceptable absolute ac¬ 
curacy in the region beyond the limit of photographic observation, 
has utilized a scanning technique employing a rotatii^ Fabry- 
Perot interferometer that has been described in several publica¬ 
tions [l5]. The program has emphasized measurements of inter¬ 
ferometric patterns of lines of the noble atmospheric gases, but 
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Table 5 

Combinations of 4f Levels in Argon I, 
Interferometrically Observed Transitions 


k , Vacuum 
(angstroms) 

cTf Vacuum 
(cm-i) 

Transition 

11736.447 

8520.466 

3d [«]“ - 4f [l«]i 

11947.140* 

8370,204 

3d [«]° - 4f [l«]j 

11946.571* 

8370.603 

3d t«l° - 4f [1«]2 

12359.678t 

8090.826 

3d[l«]° -4f[2«]2 3 

16441.066 

6082.331 

3d[l«]° -4f[2«]j 

13410.255t 

7456.980 

3d[3«]; -4ff4«]^ 3 

13914.360 

7186.820 

3d [3«]3 - 4f [4«]^ 

14260.767 

7012.246 

3d' [2«]“ - 4f' [3«]3 

14638.414t 

6831.341 

3d' [2«]3° - 4f' t3«]3 ^ 

14600.4621 

6849.098 

3d' [1M]° - 4f' (2«]j 3 

15904.031 

6287.714 

3d' [1«]° - 4f' [2 h]j 

14654.353 

6823.911 

3d[2M]° -4f[3M]3 

15306.062t 

6533.359 

3d [2«]° - 4f [3 h]3 ^ 


*Pair difference observed; wavelength calculated. 
TOnly transition associated with A j = 1; observed. 


some lines of other elements mentioned in the account of work 
period have been included, notably lines of cadmium 
and mercury, the latter in the form of isotope 198. Ar I is re¬ 
garded as a particularly good source of standard wavelengths 
because m the naturally occurring form the element is more than 
99 per cent monoisotopic. 

has included intercomparison 
previously adoptedas part 
Standards by the International 
Astronomic^ Ihiion. Most suitable for this purpose have been 

?Jl39 8 A lin^rViT t 1 “i‘^ron and the 

39.8 A line of Hg I«8 . Under favorable conditions an absolute 
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Table 6 

Revised Values of 4f Levels in Argon I 


Designation, 
je Coupling 

Designation, 

Paschen 

Level Value, 
I.A.U. 
Scale* 

Level Value 
A.E.L. 
Scale! 

Difference 

4f [l«]i 

Xi 

27044.472 

120188.274 

0.398 

4f [1«]2 


27044.871 

120188.672 


4f 

Y 2 

27086.303 

120230.104 

-0.313 

4f [2«]3 

Ys 

27085.990 

120229.791 


4f [3«]3 

U 3 

27106.116 

120249.917 

0.038 

4f [3«]4 

u. 

27106.154 

120249.955 


4f 

V 4 

27063.415 

120207.216 

-0.041 

4f [4 m]5 

Vs 

27063.374 

120207.175 


4f' 12%]^ 

Z 2 

28510.820 

121654.621 

-0.346 

4f' [2«]3 

Z 3 

28510.474 

121654.275 


4f' [3 m] 3 

W 3 

28509.478 

121653.279 

0.042 

4f' [3 m]^ 

. 

28509.520 

121653.321 

. • 


wave numbers and 3d levels submitted to the 1961 session of the I.A.U. 
tAdjusted by reference to the best available recent data. Assumed value 
4s [l«]i, or IS 4 , 93750.639 cm-i. 


accuracy of about 1 part in 10^ has been attained with orders of 

interference in the range of 100,000. 

At the meeting of the International Union in 1958 a group of 
wavelengths in Ar I, measured in connection with toe author s 
program, were adopted as provisional standards. This was toe 
first time in toe half-century history of toe organization that any 
infrared wavelength standards beyond toe range of photograp y 

had been considered. j. 

The lines of noble gases available for interferometric meas¬ 
urement in toe region between 1 and 2 microns are for toe mos 
part included in toe following categories described m toePaschen 
notation as 2p - 2s and 2p - 3d. At toe outset of this program the 
2s and 3d levels in toe spectra of all toe noble gases constituted 
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a gap mterms ofprecise determination. An exception is the well 
determined set of 3d levels of Ne I. The Is, 2p, 3p and in some 
instances higher members of the s,. p, and d series had been 
evaluated very accurately from interferometric measurements 
in the photographic region. The direct interferometric measure¬ 
ment of the noted classes of transitions not only established a 
considerable number of experimentally determined standards 
but also made available several hundred additional standards as 
Ritz Combinations that are equally accurate and at the same time 
extend the range of standards coverage well beyond the present 
practical limits of direct spectroscopic observation now some¬ 
where near four microns. Results of the various sets of wave¬ 
length determinations under the author's program have been 
published in a series of reports [18,19], of which the more recent 
are referenced here. Owing to the rattier limited circulation of 
the referenced articles some of the material of expected greater 
usefulness for wavelength intercomparisons is included here. 
Tables 7 and 8 , consisting respectively of compilations of vacuum 
wavelengths and derived energy levels in Ar I, are reproduced 
with minor revisions from the forthcoming Volume XI, Transac¬ 
tions of the International Astronomical Union. 

The fractional parts of the wavelei^th entries in Table 7 
shown in three separate columns represent independent contri¬ 
butions by three different observing teams, in conformity with a 
rule of the I.A.U. for consideration of material. The methods 
were also independent. Humphreys and Paul used a rotating 
interferometer, Littlefield and Rowley a reflection echelon, and 
Peck a Michelson interferometer with a fringe counting accessory 
device. With a few exceptions the agreement is excellent. A 
recent publication by Peck and Khanna [20] indicates slight re¬ 
visions of the values in the last column. The calculated Ritz 
Combinations will also appear in Vol. XI, Trans. I.A.U. contain¬ 
ing reports of the Berkeley meeting in 1961. A more recent 
value of level 2 S 3 has been inserted in Table 8 . Table 9 contains 
a set of recently determined wavelengths in the spectrum of natu¬ 
ral krypton that have been reported by Paul and Humphreys [2l]. 
It is probable that future measurements on the krypton spectrxun 
will be made using jthe isotope Kr®® since the Kr®® line of wave¬ 
length 6057.80210s A in vacuum has been adopted as the primary 
standard of leii^th. The usefulness of lines of natural krypton as 
standards has however been demonstrated, for although both 
isotopic and hyperfine structure is expected a large proportion 
of the lines are sharp enov^h for use as standards in ordinary 
applications. 

A final comment regarding experimental advances is that the 
range of observation of emission spectra has been extended re¬ 
cently toward longer wavelengths by the use of cooled lead sulfide 
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Table 7 




8266. 
9125. 
9227. 
10472. 
10676. 
10684. 
11081. 
11671. 
12115. 
12346. 
12406. 
12442. 
12459. 
12491. 
12705. 
12806. 
12936 
12960. 
13011. 
13217. 
13231. 
13276. 
13316. 
13370. 
13507. 
13626. 
13682. 
13722. 
14097. 
16945. 


Vacuum Wavelengths of Ar I in the Infrared 


Humphreys 
and Paul (39a) 

Littlefield 
and Rowley (50) 

.489 


.698 


.901 


.903 


.639 


.770 


.220 

.2184 

.724 


.523 


.079 

.0793 

.755 


.241 

.2474 

.734* 


.203 

.2029 

.822 

.8209 

.606 


.727 


.266 

.2656 

.850 

.8552 

.766 

.7679 

.883 

.8818 

.383 

.3909 

.290 

.2918 

.327 

.3286 

.210 

.2129 


Peck (69a) 


.794$ 
.47 14 
.0302 
.922 
.4907 


.2406 

.2012 


.883 

.3844 

.3272 

.4924 

.2082 


*1962 determinations. 


detectors. Direct scans have been made as far as 4.0 |i 
terferometric observations, as far as 3.5 ix. Energy considera¬ 
tions will probably limit observable features 
waveleneths even with other detectors now available. It is ® 
oected toat future programming will emphasize spectra of rare 
LrthLhich constSute themost 
knowledge of atomic emission spectra, 

on rare earth spectra is a description of Zsm^e 

of Yb I, including interferometric measuremen , w 

in support of a program of the analysis of this spectrum by 
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Table 8 

Argon Levels (in cm-^) Relative to Iss =0.000 
Based on Interferometric Measurements 


Designation 

Humphreys and 
Paul, 1958 
as adopted 
by LA.U. 

Humphreys and 
Paul, 1959 

Littlefield 
and Rowley 

Peck, 

1960 

2ss 

20324.715 

.713 

.7129 

.7125 

2S4 

20499.501 

.500 



2S3 

21717.879 

.875* 



2S2 

21831.261 

.259 

.2595 


3de 

18524.007 

.006 



3ds 

18674.269 

.268 

.2676 

.2686 

3d3 

18995.166 

.164 

.1635 

.1651 

SdV 

19606.394 

.393 

.3925 

.3932 

3d4 

19876.596 

.595 

.5952 

.595 

3di’» 

20282.206 

.205 

.1995 

.2033 

3di’ 

20572.796 

.795 

.7938 


3d 2 

21003.973 

.972 

.9737 

.9721 


21497.234 

.232 

.2290 


3Si’» 

21661.376 

.375 

.3737 


3si»*» 

21678.181 

.179 

.1787 


3Si’ 

22223.107 

.106 




*1962 Determination. 


Meggers [ 22 ]. Continued observations of this spectrum are con¬ 
templated in order to achieve the maximum possible extension 
into the infrared region. 
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Table 9 


Interferometric Determinations of Wavelengths 
in Natural Krypton, 1961 


Wavelength in Vac. 

A n o* Q t T* mn s 

Wavelength in Air 
Angstroms 

Wave Number 
cm-i 

rxlig o tx V./ixio 

Observed* 

Observed 

Calc. 

Observed 

Calc. 

8931.1443 

9754.4346 

11822.6136 

12207.8754 

12882.3979 

13181.0149 

13626.1413 

13637.9487 

13742.6120 

14430.7362 

14738.4687 

15243.7868 

15339.1576 

16789.7178 

16858.1016 

16895.0674 

16901.3800 

16940.4393 

17103.4495 

17372.3574 

18007.1461 

18172.2883 

21908.5101, 

8928.6930 

9751.7604 

11819.379 

12204.536 

12878.875 

13177.411 

13622.416 

13634.221 

13738.856 

14426.793 

14734.442 

15239.623 

15334.968 

16785.133 

16853.499 

16890.454 

16896.765 

16935.813 

17098.780 

17367.614 

18002.230 

18167.327 

21902.532 

.378 

.411 

.418 

.221 

.794 

.440 

.622 

.967 

.136 

.499 

.452 

.815 

.230 

.534 

11196.7735 

10251.7474 

8458.3666 

8191.4335 

7762.5300 

7586.6692 

7338.8348 

7332.4810 

7276.6371 

6929.6534 

6784.9654 

6560.0498 

6519.2628 

5956.0262 

5931.8660 

5918.8873 

5916.6766 

5903.0346 

5846.7738 

5756.2712 

5553.3508 

5502.8843 

4564.4364 

.367 

.669 

.834 

.481 

.653 

.966 

.050 

.263 

.025 

.866 

.888 

.034 

.351 

.436 


♦Observations made in vacuum with 63-mm etalon. 

Standards for 8931 and 9754. Argon (vac.) 9125.4706 

Standards for all other intercomparisons, Argon (vac.) 1372^. a. 
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INTRODUCTION 

The original theory of isotope shift developed by G. Racah, 
G. Breit and J. E. Rosentahl for heavy elements was based on 
the liquid-drop model of the nucleus. It follows from this theory 
that the displacement of the spectral lines of isotopes of a given 
element should be uniform with respect to mass number. How¬ 
ever, it was found experimentally that this did not occur in the 
spectra of some elements. 

An anomalously great shift was found in Nd, Sm, and Gd 
spectra. In these three cases, a sharp increase in the shift was 
observed between lines of isotopes with neutron number N — 88 
and N = 90. ’’Jumps'^ in the isotopic shift were also found in the 
Sr, Zr, and Mo spectra between the lines of isotopes with N = 50 
and N = 52, in the Ce spectrum between N = 82 and N = 84 and 
in the Pb spectrum between N = 126 and N = 128. It was also 
found that the displaced lines were not equidistant in other mass 
regions, although the effect was not so clear-cut in the latter 
cases. 

^'Jumps'' in the isotope shift in Sr, Zr,Mo,Ce,and Pb spec¬ 
tra are due to the shell structure of the nucleus. They taJse place 
between the lines of even-even isotopeshaving completely closed 
shells with neutron numbers of 50,82 and 126 and the line of the 
next isotope when the new neutron pair falls into a higher shell. 
The presence of ’^jumps^’ in the isotope shiftnear ^’magic” num¬ 
bers shows that when a new neutron pair is added to a closed 
sheila relatively great increase occurs in the size of the nucleus. 
It follows from this that the effective radius of the nucleus de¬ 
pends on peculiarities of neutron shell filling. This is reflected 
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in the isotopic shift. The problem of the relation of isotopic 
shifts to nuclear shell structure has not yet been considered 
theoretically. 

The anomalous shifts in Nd, Sm and Grd spectra are con¬ 
nected with the transition from spherical to deformed nuclei [l]. 
The region of deformed nuclei is in the range of N = 90 to N = 
116. When a deformed nucleus rotates, there is an increase in 
effective radius as a result of averaging in all directions. This 
is displayed in an additional isotope shift, which tends to increase 
the volume effect. The additional ^^quadrupole^^ shift can be 
substantial, since the deformation of the nucleus with the addi¬ 
tion of a neutron pair can vary greatly in going from one isotope 
to the other. It follows from this that non-equidistance in isotope 
displacement in the region of deformed nuclei is due to irreg¬ 
ular variation of the nuclear deformation of the isotopes of a 
given element. 

Investigation shows that non-equidistance in isotope shift 
is observed in the case of spherically symmetrical nuclei, too. 
According to the generalized nuclear model, non-equidistance 
in the region of spherical even-even nuclei is due to surface 
vibration in the nucleus, or the so-called zero vibration of the 
electrical quadrupole moment of the nucleus [2], The presence 
of such vibrations results in the ^^smearing-out^’ of nuclear 
boundaries, thus causing an increase in the effective radius of 
the nucleus. The irregular variation of the amplitude of these 
vibrations in the nuclei of different isotopes leads to an irreg¬ 
ular variation of the effective radius. This is displayed in an 
additional isotope shift, which we call the vibration effect. 

According to Bodmer [3], the isotope shift between levels 
of two isotopes when an s-electron interacts with the nucleus 
can be expressed in terms of the effective radius 


AT = B;//2(o) ^ (1) 

s u Ru 

where B is a factor depending on the charge of the nucleus, the 
fine structure constant, and the large and small components of 
the Dirac wav e function; (o) is the electronic wave function 
and Ry = y 5/3 <r2 > is the effective nuclear radius which 
is determined by the radius- squared distribution of charge in 
the ground state <r 2>^/2 _ 

For deformed nuclei, the mean square of the radius of pro¬ 
ton distribution in the ground state is as follows [4]: 


<r2> =-^ZR2 

q 5 o 


1 + 


iir 


P 




where is the deformation parameter. 


( 2 ) 
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In the case of spherical nuclei, there are surface vibrations 
about the equilibrium spherical form. The mean square of the 
radius of proton distribution is [4] 


<r 2 > 

V 



(3) 


where is the mean square of the amplitude of zero vibration. 

If each of these values <r^> is substituted into formula (1), 
we shall have the complete isotopic shift, which is the sum of 
the ordinary volume effect and the additional effect. The latter 
is responsible for non-equidistance in isotopic shifts. 

The relative isotopic shift for any two intervals can be rep¬ 
resented by a formula which is also valid for deformed nuclei 
(ignoring the term) and for spherical nuclei, too 


Ai/jAi - A^) 
AKA3 - A4) 


6Ai_2 

5A3 4 


15 

* 8n 2 

15 A 3 + A 4 

Stt 2 


-(^ ^)3_4 


(4) 


where Ai, Aj, A 3 , and A 4 are mass numbers of four isotopes of 
the same element, 5Ai 2 > •^A 3,4 are differences of isotopic 
mass numbers, and 602 ) ^ j , 6 (^ 2 ) 3,4 are the differences of the 
squares of the nuclear deformation parameter or the differences 
of the mean squares of the amplitude of zero vibration. 

Equation (4) allows us to compare experimental data with 
values calculated according to known deformation parameters 
or amplitudes of vibration. Also, by using this formula and 
measuring the isotope shift between 3 isotopes, the nuclear 
deformation parameter of one of the isotopes can be found if the 
parameters of the other two are known. With the aid of toe 
deformation parameter, toe inner quadrupole moment and toe 
probability of electrical quadrupole transition from toe ground 
state of the nucleus to toe first excited state B(E 2,0 -* 2 ) can 
be calculated. 

MEASUREMENTS OF ISOTOPIC SHIFT IN 
DYSPROSIUM AND SAMARIUM SPECTRA 

Enriched isotopes of dysprosium and samarium^ were used 
in toe form of oxides. Tables 1 and 2 give toe isotopic percent¬ 
age compositions of toe samples used. 

A discharge tube containing a hollow cathode cooled with 
liquid nitrogen was used as toe light source. Argon was toe sup¬ 
port gas. To excite spark lines in toe samarium spectrum, a 
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Table 1 


The Dysprosium Samples 


Samples 

156 

158 

160 

161 

162 

163 

164 

Natural 

0.05 

0.09 

2.29 

18.89 

25.53 

24.97 

28.18 

I 

0.4 

0.4 

35.0 

8.0 

32.7 

3.5 

20.0 

II 

19 

3 

3 

19 

23 

20 

13 

III 

- 

25 

3 

22 

20 

17 

13 


Table 2 


The Samarium Samples 


Samples 

144 

147 

148 

149 

150 

152 

154 

Natural 

3.16 

15.07 

11.27 

13.84 

7.47 

26.63 

22.56 

I 

29.9 

2.7 

30.4 

3.8 

30.9 

1.9 

0.4 

II 

31.0 

1.8 

0.7 

1.3 

31.0 

2.2 

32.0 

m 

30.7 

2.4 

31.4 

3.0 

0.3 

31.6 

0.6 


mixture was used. The pressure of the support gas in 
VI ® ~ samples were converted to the 

Sthodi hydrochloric acid before being placed in the 

^’^^erferometer with silver and multi-layer 
H?Jni Ji®®d as the high resolution device. For ple- 

dv^.rn?inm ^ three-prism spectrograph in the case of 

SSXZa”'* spectrograph in the 

isotopic structure was measured in the 8th to 10th 

with^6 ^ section of the samarium spectrum taken 

lini^l^r^waif Even-even isotope 

odd iJ,J-n3. resolved and have almost equal intensity. Even- 

avoid "^his made it possible to 

ScetdT-5 accuracy (errors do not 

RESULTS IN THE CASE OF DYSPROSIUM 

17 shift was measured for 30 lines of Dy I. For 

17 of these lines, the complete isotopic structure between 5 even 
isotopes was obtained tor the first time. Most ot tte !toel Sve 
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Figure 1. Isotope structure of spectral lines of the 
three-isotope sample of samarium. 

negative shifts (i.e.,the component of the heavier isotope is dis¬ 
placed toward smaller wave numbers); 7 lines have a positive shift. 

Figure 2 shows the average relative shift of all of the lines. 
The shifts Av{15Q - 158) and Ai^(160 - 162) are seen to be 57% 
and 10% greater, respectively, than the other two intervals. 
Dysprosium is in the region of deformed nuclei; thus the devia¬ 
tion from equidistance in the position of even-even isotope com¬ 
ponents is due to imeven variation of the static deformation 
parameter /3. Substituting the available parameters of nuclear 
deformation into Eq. (4), one can calculate the isotopic shift. 
Table 3 gives the nuclear deformation parameters of Dy^^^ , 
Dy^^^, and Dy^®"^ . Using the data of the first column (taken 
from [5]) one obtains Ai^( 160 - 162)/Ai^(162 - 164) = 0,80. This 
result does not agree with the experimental value of the rela¬ 
tive isotopic shift (1,10). This is due to errors in the deter¬ 
mination of the probabilities of the B(E2, 0-^2'^) transition 
which were used to calculate the deformation parameters. The 
more reliable data in the second column, taken from [6], give 
aK160 - 162)/aK 162 - 164) = 1.08, which is in agreement with 
the experimental data. 

Thus isotope displacement can be used to check the cor¬ 
rectness of transition probabilities determined by means of the 
Coulomb excitation method. 
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Figure 2. Relative shift in the Dy I spectrum. 
Table 3 

The Deformation Parameter of Dysprosium Nuclei 


Nuclei 

[5] 

[6] 

Dy ^ ^ ^ 

- 

0.233 ± 0.061* 

Dy 

- 

0.285 ± 0.026* 

Dv^*® 

0.32 

0.301 ± 0.010 

Dv1®2 

0.36 

0.320 ± 0.005 


0.41 

0.334 ± 0.007 


*Our data. 


In toe case of dysprosium, toe deformation parameters are 
mown for only three nuclei (Dy^^o ^ oyiea Dy^®'*) For toe 
nuclei of toe rare isotopes Dy^s® and Dyis^ these values have 

—If one takes toe results of [6] for toe 
miti^ data then toe deformation parameters of toe Dy and 
W nuclei c^ be calculated from toe relative isotopic shift, 
me results, which are accurate to within about 9% to 26%, re- 
^ectively, are given in table 3. 


RESULTS IN THE CASE OF SAMARIUM 

KQ isotope shift in toe spectrum of Sm I was measured for 

structure for 56 lines having been 

^ ^ that 31 lines have a 

nStiw ^ positive shift. The positive and 

negative shifts are shown separately in Figure 3. 
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Figure 3. Relative shift in the Sm I spectrum: a) lines with negative shift; 
b) lines with positive shift. 

The results obtained show that besides the known "jump" in 
isotope shift between the components of the isotope with N = 88 
and 90, other intervals also show a non-equidistance which can¬ 
not be explained as experimental error. It is known that the non¬ 
equidistance in isotope shift for the nuclei with N ^ 90 is due to 
the change in the static nuclear deformation, and the non¬ 
equidistance in the region of the nuclei with N ^ 88 can be ex¬ 
plained by surface vibration of the spherical nucleus. Figure 3 
indicates that in the spectrum of Sm I, lines with positive and 
negative shifts have somewhat different shift patterns. On the 
average, the positive shifts are 0.08 greater for the Av(148 - 150) 
interval and 0.05 smaller for the Ai'(152 - 154) interval than the 
negative shifts. This difference is 5-6 times greater than the 
random error of measurement. It is not due to the superposition 
of the hyperfine structure of the odd isotopes Sm^'*’’ and 
since there are no additional components on the spectrograms. 
In case of the interval Ay (150 - 152), which has a large q\^- 
r\;¥)ole effect, the difference in relative shift as between the lines 
with positive and negative shift reaches an average value of 0.39, 
which is 20 times greater than the random error of the average 
relative shift of the lines with a positive shift. The difference be¬ 
tween the positive and negative shifts in the interval Ay(150- 152) 
is so great that the numerical values of the relative shift do not 
coincide for all 59 of the spectral lines [7]. 

The same phenomenon was also observed in the Sm n spec¬ 
trum, where we measured the isotope shift for 12 lines. Figure 
4 shows the positive and negative relative shifts. The results 
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Figure 4. Relative shift in the Sm 11 spectrum: a) lines with negative shift; 
b) lines with positive shift. 

obtained are in good agreement with the isotopic shifts in the spec¬ 
trum of Sm I. Here the difference in relative shift in the interval 
Ai/(150 - 152) as between the lines with positive and negative 
shifts is, on the average, 0.38. 

According to the classification of the Sm I spectrum and 
our data on isotopic shift, all of the lines with negative shift 
belong to transitions of the type 4f^6s6p -> 4f®6s^, and the lines 
with positive shift to those of the type 4f ^5d6s^ 4f 6s^. Since 
the lower electronic configuration is the same in these transi¬ 
tions the positive shift in the lines is due to a large isotopic dis¬ 
placement of the upper levels belonging to the electron con¬ 
figuration 4f^5d6s^ . The great isotopic shift of these levels can 
be explained by the reduction in the screening of the two s- 
electrons when the sixth f-electron enters into the 5d shell, 
which increases the electron charge density at the nucleus [8], 
The same explanation can be offered in connection with the 
isotopic shift in the Sm II spectrum. In this case, the lines with 
a negative shift belong to the 4f^6p ^ 4f^6s transitions and the 
lines with a positive shift, to the 4f^5d6s —^ 4f^6s transitions. 
The upper levels of the 4f ^5d6s configurations also have a large 
isotope shift because of the reduction of s-electron screening. 

T^e experimental data of [7] show that the energy levels of 
the 4f 5d6s electron configuration belonging to the lines with 
positive shift are in the region 18075-23996 cm"^ . They are all 
mixed in with the levels of the 4f^6s6p electron configuration 
lying in the 16112-22632 cm^^ region. Therefore it can be as¬ 
sumed toat the neighboring levels excite each other. The iso¬ 
tope shift value of such levels depends on the contribution of the 
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perturbing level. K this level belongs to the 4f®6s6p electron 
configuration, then the perturbation from the 4f 5d6s level 
causes an increase in its isotope shift and the shift in the line 
will decrease. This phenomenon is observed for lines in the 
short-wavelength region having a negative shift (Table 2 of [7]). 
Here the shift is approximately the same for all of the long- 
wavelength lines, but beginning with the line 5157.04 A it de¬ 
creases. Similarly, the perturbation of the levels of the 4f 5d6s 
configuration by the 4f® 6s6p levels should cause a decrease in 
their isotopic shifts. The isotopic shift will be different for 
different levels, since the fraction of the wave function perturb¬ 
ing the electron configuration will not be the same. This is ob¬ 
served for the lines with positive shift (Table 3 [7]) where the 
shifts have various different values. 

The data on isotope displacement in the Sm I and Sm II 
spectra show that in going from a spherical nucleus to a de¬ 
formed one, in the case of the interval Ai^(150 - 152) the qimd- 
rupole effect makes a considerably greater contribution to iso¬ 
tope displacement of levels when the nucleus interacts with the 
4f®5d6s2 and 4f®5d6s shells. This indicates that in the isotopic 
displacement of atomic levels, there is a non-linear influence 
of the deformed nucleus (or the surface vibration of the nucleus) 
on the wave function of the s-electron. This new phenomenon 
could be explained either by the perturbing effect of the neigh¬ 
boring levels of the two electron configurations or by the screen¬ 
ing effect of the penetrating s-electrons. 

However, the first assumption does not agree with our ex¬ 
perimental data. The fact is that the characteristic behavior of 
the relative displacement is the same for lines with both nega¬ 
tive and positive shifts, although the upper levels are subject to 
essentially different degrees of perturbation and the levels be¬ 
longing to long-wavelength lines with negative shift are not per¬ 
turbed at all. The second assumption is more probable and 
indeed follows directly from the experimental data. In fact, 
experiment shows that the behavior of the relative isotope dis¬ 
placement changes when there is a reduction in the s-electron 
screening. If one assumes that the wave function ^(o) is influ¬ 
enced in some way by nuclear deformation, then the screening 
for a given electron configuration will be different for different 
intervals of the isotopic structure. It would be interesting to 
consider this problem theoretically. Apparently, an addition to 
the formula for isotopic shift in the atomic spectra of heavy 
elements would be obtained. 

The experimental work on the measurement of isotope dis¬ 
placement in the spectrum of dysprosium was carried out by 
A. F. Golovin and M. P. Gerasimova; the investigation of iso¬ 
tope displacement in the spectrum of samarium was performed 
by V. A. Katulin, V. V. Eliseyev and H. A. Kulazhenkova. 
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absorption spectra of gaseous atoms formed 

AT FLASH-HEATED TUNGSTEN SURFACES 


L. S. Nelson and N. A. Kuebler 
Bell Telephone Laboratories, Incorporated 
Murray Hill, Hew Jersey, U.S.A. 


INTRODUCTION 

Gaseous free atoms are of considerable importance in many 
chemical reactions, both at high and normal temperatures. 
Studies of these reactions have been limited to relatively few 
elements, mainly because it is difficult to produce large con¬ 
centrations of most atoms in the gas phase, especi^ly those of 
solid elements with high melting points. Jennings [ 1] has recently 
reviewed the need for new ways to study atomic reactions. 

In this work we describe the use of a flash-heating technique 
for the thermal production of gaseous atoms from solid elements 
by vaporization. As atrial material, we used the very refractory 
metal, tungsten, with boiling point near 6000 C. 

Nelson andLundberg[2]have shown that large concentrations 
(approximately 10-3 inlOO cm3) of gaseous free atoms may 

be produced by exposing absorbing solids to the flash emission of 
capacitor discharge lamps. These lamps have ^ 

deliver thermal pulses in excess of 30 joules/cm /flash in tmes 
of about 10-3 gee. K the solid absorber has a large surface-to- 
mass ratio (that is, with at least one dimension below about lOO M), 
temperature rises of several thousand degrees can be expected, 
and have been confirmed semiquantitatively [2]. . u 

Flash heating is experimentally similar in many ways to flash 

photolysis [4], which has been used withgreat success to prepare 
large concentrations of short-lived atoms and molecules for 
kinetic absorption spectroscopy [5]. This similarity prompte 
us to attempt a thermal instead of photochemical preparation o 
labile species by flash heating an array of solid bodies in the 
opticalpath of a flash-recording spectrograph. We have recently 
described [6] the method and some preliminary results on several 
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atomic and molecular systems, using grids with fine windings as 
the array of solid material. 

Tungsten wire was the first material used for these studies, 
because it is easily obtained with diameters below 20 m, it is 
quite strong and easy to handle, and it is high-melting. Because 
of the refractory nature of tungsten, it was expected to offer the 
greatest difficulty of the metals; that is, if tungsten could be 
vaporized, we could assume that any other metal might be vapor¬ 
ized this way. 

We have produced relatively large quantities of tungsten 
vapor by flash heating grids wound with fine tungsten wire and 
have also recorded the absorption spectrum of the vapor at vari¬ 
ous times during and after the heating flash. Because of the 
presence of tungsten atoms with thermal energies nearly 22,000 
cm-i above the ground state it seems likely that the vapor reaches 
at least the boiling temperature of tungsten metal. 

EXPERIMENTAL 

The method and apparatus used have been described re¬ 
cently [6] and shall only be outlined here. About 2 meters of 13- 
/i-diameter oxide-coated tungsten wire was used to wind each 
grid on a 25x35 mm rectangular frame made of fused quartz rod. 
The grids were held in the transparent fused quartz absorption 
cell so that the beam from the background light source passed 
through the windings. One grid was sufficient to produce a heavy 
absorption spectrum when significant vaporization occurred. 

A helical flash tube similar to the General Electric Company 
FT 625 was placed concentrically around the transparent absorp¬ 
tion cell; in turn the flash tube was surrounded with a cylindrical 
polished aluminum reflector. The lamp was powered with an 
Edgerton, Germeshausen and Grier Company ”Sun Flash” photo¬ 
flash unit, using capacitances up to 1300 (li charged to 4 kv. This 
produced a maximum radiant energy of 32 joules/cm^/flash in¬ 
side the cell, as determined with a graphite radiometer [3]. The 
heating flash had a duration at half-height of about 1.5 msec at 
maximum energy. 

The background light source was a Lyman end-on discharge 
of about 20 Msec duration, one flash of which produced suitable 
film darkening between about 1250 and 4000A. The 2-meter 
grating spectrograph had an evacuated tank. The ends of the cell 
were closed with CaF 2 lenses. 

The cell could be shielded from electrical effects of the dis¬ 
charge in the heating lamp by wrapping a grounded wire helically 
around the cell body. 

In all experiments described here, the cell containing the 
tungsten grids was filled with streaming nitrogen at atmospheric 
pressure, obtained from a cylinder without further purification. 
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RESULTS 

Visual Observations 

One flash of the heating lamp at 1300 jiif and 4 kv caused 
complete vaporization of the grid windings, and a thin mirror of 
tungsten was deposited on the cell wall. Afterward, no tungsten 
wire remained on the grid frame, nor in the cell. There were 
no droplets in the cell, either. 

At half energy, 650 pf and 4 kv, much less vaporization 
occurred in the flash, and many windings, although mechanically 
disturbed, remained on the grid frame. The windings that re¬ 
mained were shiny as a result of removal of surface oxide. Only 
a small amount of metal was deposited on the cell wall, and, 
occasionally, metal droplets of about 0.5 mm diameter were 
found in the cell. 

At lower energies per flash, progressively less tungsten 
was vaporized, and much less surface cleaning occurred. 

Absorption Spectra 

Several typical absorption spectra of tungsten vapor are 
shown in Figure 1. Each spectrum was recorded in a separate 
experiment with a new grid. The flash of the Lyman background 
source was delayed for various intervals after the start of the 
heating flash, as indicated at the left. The maximum energy of 
1300 juf at 4 kv was used in each heating flash. Many hundreds 
of absorption lines were recorded over the entire region avail¬ 
able to the spectrograph. The similarity of Figure 1 to traditional 
furnace spectra of an element at various temperatures [7] is very 
striking. 

No banded spectra could be detected. 

We have compared in some detail four spectra of tungsten 
vapor. These were obtained as follows: (1) with an evacuated 
carbon tube furnace operating at 2800°C, as reported by King [8]; 

(2) by flash heating four grids at maximum energy (1300 pf at4kv) 
and recording after a 900 psec delay; (3) identical to (2), except 
with a 2100 psec delay; and (4) identical to (2), except with half 
energy (650 pf at 4 kv) and a 750 psec delay. (Spectra (2) and 

(3) are longer wavelength portions of the upper and lower spectra 
in Figure 1, respectively.) The wavelei^th region studied was 
between 2831.378A and 2817.480A, the region common to King’s 
spectra and the spectra recorded in this work. 

King lists 46 tungsten lines in this wavelength interval. In 
this same interval, we have observed and measured the wave¬ 
lengths of 171 absorption lines due to tungsten atoms, and some 
sensitive lines of impurities in the tungsten, mostly Ca, Zn, Cu, 
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Figure 1. Absorption Spectra of Tungsten Atoms Produced by Flash Heating. 

Fe, Mg and Al. Using the tabulation of Laporte and Mack [9], we 
have identified the lower energy level of each transition in the 
spectra produced both by furnace and flash heating. 

In Table 1 are listed the number of lines identified in each 
of the four spectra according to the various lower energy states 
in each transition that forms the line. Also included are the total 
number of arc lines in the same wavelength interval that termi¬ 
nate in each energy level, according to the listing of Laporte and 
Mack. 

Most of the transitions observed in absorption arose from 
atoms in the ground state, or in the five metastable states, 
®Di, ’’Si, ®D 2 , ®D 3 and ^ 04 , lying 1670.27, 2951.27, 3325.50, 
4829.99 and M19.30 cm-^ above the ground state, respectively. 
However, in spectrum (2), atoms were excited thermally to states 
lying as high as , which lies 21448.66 cm-i above the ground 
state. Spectrum (2) was recorded about 200 jiisec after the peak 
of the maximum energy heatii^ flash. 

In a few spectra recorded with an unshielded cell under 
conditions otherwise similar to spectrum ( 2 ), a few faint lines 
corresponding in wavelength to W II could be detected. These 
were not observed with the shielded cell, however, although their 
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presence did not seem to affect the intensities of the other tung¬ 
sten lines appreciably. 

We have also observed the formation of a slight continuous 
background absorption that increases with time. This is visible 
to some extent in Figure 1. It is assumed that this is due to 
scattering of light from the bacl^round source by droplets of 
tungsten formed as the grids volatilize. 

King did not report lines at wavelengths shorter than 
2831.387A. With flash heating, however, a very intense, complex 
absorption spectrum extendir^ to wavelengths as low as about 
L60OA was recorded. This region below the King region has not 
been analyzed as yet. 

King's exposure times with the furnace were limited by re¬ 
action of the tungsten vapor with the carbon tube. In this work, 
due to the pulse nature of the experiment, hot tungsten was in 
contact with the cell walls only for a few milliseconds during the 
flash. The only change in the cell after the flash seenied to be 
the presence of a thin mirror of tungsten on the wall which could 
be removed easily by rinsing with dilute hydrofluoric acid. 


DISCUSSION 

In this work we have shown that flash heating may be used 
to prepare a concentrated burst of neutral metal atoms in a re¬ 
action cell. Since the highly refractory metal, tungsten, vapor¬ 
izes readily, it seems likely that almost any solid element may 
be volatilized this way as long as it can be prepared thinner than 
about 100 |Li. Reactions of these atomic vapors alone or with 
many gases over a wide range of pressures may be studied this 
way. Photochemical side effects may be minimized by filtering 
out appropriate spectral regions of the emission from the flash. 
Side effects that result from metal ions formed electrically by 
the heating flash may be eliminated by proper shielding of the 
cell. 

The method is quite sensitive. One grid with two meters of 
13-iU-diameter tui^sten wire, when vaporized, places about 
3 X 10-5 gram atoms of gaseous metal in the absorption path of 
the spectrograph. This produces a very intense absorption 
spectrum, many lines of which appear completely saturated. 
Impurities in the tungsten, shown by emission spectrography to 
be less thanO.001% in the case of aluminum, also appear stroi^ly 
in absorption in the spectrum, as shown in Figure 1. Thus^in 
some instances, it is possible to detect as little as 10“ to 10 
gram atoms of a metal. This compares favorably with emission 
techniques. 

As yet, we have not attempted to measure electronic tem¬ 
peratures of the tungsten vapor. However, from the primary 
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thermal population of levels up to about 6200 cm“i in the King 
furnace at 2800 °C, and over 20,000 cm“’^ observed in spectrum (2), 
recorded shortly after the peak of the heatii^ flash fired at max¬ 
imum energy, it seems reasonable to assume that the absolute 
temperature of the vapor in spectrum (2) was at least twice tha.t 
of the furnace, probably near the boiling point of tungsten at 
6000 °C. This seems reasonable also because the tungsten does 
vaporize completely, very probably via a liquid phase. There 
also is the possibility that the tungsten may have superheated 
before vaporizing, giving temperatures even higher than the boil¬ 
ing point. 

By similar reasoning, the vapor in spectrum (4) produced 
at half energy probably has a temperature nearer that of the 
King furnace, while that in spectrum (3), recorded when the 
heating flash fired at maximum energy has decayed to about 20% 
of its peak intensity, is probably between the temperatures of 
spectrum (2) and the spectrum (1), recorded in the furnace. 


REFERENCES 

1. K. R. Jennings, Quart. Rev. (London) 15, 237 (1961). 

2. L. S. Nelson and J. L. Lundberg, J. Phys. Chem. 63, 433 (1959). 

3. N. A. Kuebler and L. S. Nelson, J. Opt. Soc. Am. 5^ 1411 
(1961). 

4. G. Porter, Proc. Roy. Soc. (London) A200, 284 (1950). 

5. See review by R. G. W. Norrish and B. A. Thrush, Quart. Rev . 
(London) 10, 149 (1956). 

6. L. S. Nelson and N. A. Kuebler, J. Chem. Phys., 37,47 (1962). 
(July 1962). 

7. For example see A. S. Kii^, Astrophys. J. 60, 282 (1924). 

8. A. S. King, Astrophys. J. 7^ 379 (1932). 

9. O. Laporte and J. E. Mack, Phys. Rev. 246 (1943). 



critical review of methods and results of 

TIME-RESOLVED SPECTROSCOPY 
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INTRODUCTION 

In some of tlie spectroscopic light sources, e.g., spark dis- 

probably the first to hme- 

resolution of the order g-i investigated the afterglow 

In 1921 Ramsauer and Wolf [113J invesiigaLeu wpU 

of spectral lines of the alkali 

f nf asnectJoscope and a switch with a rotating contact K on 

speeds of 5 rps. A time-resol-ved spectrograph which corr 
«SnSs Smost to modern specifications was described in 1925 
hv Sinclair Smith [ 1311 - He used rotating mirrors for sweeping 
the image perpendicular to the direction of wavelength 
Se 2 Particulars of his apparatus are: mirror speed 150 
time dispersion 0.5 mm/ju sec, spectral resolving power 
60 OOO spectral range 3000-5000 A. At the same time. Brown 
“a Ber= S i« tteir paper "rhe prder of appearance of 
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Figure 1. Time-resolved spectroscopy using a slotted disc, 
[from (115), Courtesy Ann. Phys.], 


30cm 




Figure 2. Rototing-mlrror spectrograph, [from (131), Courtesy 
Astrophys. J. Copyright 1925 by the University of Chicago]. 

certain lines in the spark spectra of cadmium and magnesium^’ 
made use of yet another method, i.e., a Kerr cell electro-optical 
shutter placed in front of the spectrograph slit. By connecting 
the Kerr cell in parallel with the spark gap under investigation, 
they obtained a very accurate synchronization. The use of a. 
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delay line between spark gap and shutter enabled them to shift 
the open period of the shutter with respect to the firing of the 
spark gap. Very short exposure times were made possible by 
using this technique (10"’^ iisec). 

In 1926, during their investigations of wire-explosions, 
Anderson and Sinclair Smith [5] described a magneto-optic 
shutter, utilising the Faraday effect. As the spark current ac¬ 
tivated the shutter, a very effective synchronization was achieved. 
Lawrence and Dimnington [95]used atechnique similar to the one 
described by Brown and Beams [28] in their investigations of the 
early stages of a spark discharge. Their experimental arrange¬ 
ment is shown in Figure 3. An exposure of 4 x 10~® sec was 
obtained. Equally surprising as the variety of these early meth¬ 
ods, is the use of widely different methods for triggering and 
synchronizing. The process under observation is either initiated 
by the time selecting and resolving device [115] or vice versa 
[28,95]. 


Rt 

O-IIO 
VOLTS AC 

Figure 3. Kerr cell shutter used for time-resolved spectroscopy of 
sparks, [from (95), Courtesy Phys. Rev.]. 

The main steps in the further development of time-resolved 
spectroscopy have been the following: 

1. The use of a mirror rotating at high speed (1600 rps) by 
Beams [20] for studying the time of appearance of spectrum lines 
in a spark discharge. 

2. Deinum and de Boer [49,50] in 1939 superimposed the 
light of many low power sparks as they are used in spectro- 
chemical analysis. The breakdown of the spark gap was con¬ 
trolled by a contact on the rim of the rotating disc acting as 
time-resolving shutter. A time resolution of about 10 fisec was 
obtained. 

3. The work by Rawcliffe [117], by Dieke, Crosswhite and 
co-workers [51,53] by Meek, Craggs and co-workers [107,41,42] 
on the use of photomultiplier tubes for measuring transient 
phenomena in spectral lines created the necessary conditions for 
a further expansion of time-resolved spectroscopy. 

4. Orr [110], investigating the spectral properties of spark 
discharges, made use of such a photoelectric method. 

5. Crosswhite, Steinhaus and Dieke [43] investigated the 
possibilities of using only selected time intervals of the radiation 
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of spark discharges for spectroscopic and spectrochemical pur¬ 
poses. By pulsing the voltage between two dynodes of a photo¬ 
multiplier tube, they obtained an off-on ratio of 1:200. They later 
[133] improved this ratio to 1:10^ by gating the signal between 
the photomultiplier tube and the recorder. They proposed using, 
in a series of spark discharges, only the late arc-like part in 
each discharge, thus combining the many desirable properties of 
a spark with the inherent high sensitivity of an arc. An example 
of such an analysis (0.1 to 1.5% Cr in steel) was given. Figure 4 
shows the change with time of a copper spark spectrum taken 
from one of their publications; Figure 5 shows the reduction in 
dark current noise by gating the signal. 




Figure d. Copper spark spectrum in air at various time intervals after the 
initiation of the spark discharge, [from (134), Courtesy Spectrochim. Acta]. 


6 . In the meantime Gordon and Cady [74]constructedaphoto- 
graphic time-resolving spectrograph with remarkable properties, 
using a rotating mirror (600 rps). A time-resolution of 0.5 Fsec 
and a useful time-interval of 10 Msec was obtained. An auxiliary 
light beam, together with a photomultiplier tube, was employed 
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Figure 5. Use of electronic shutter to reduce dark current noise, [from 
(134), Courtesy Spectrochim. Acta]. A-B and E-F; no voltage on photocell. 
B-C and D-E; voltage on photocell, no light. C-D; voltage on photocells 
light, spectrum recorded. 

for triggering the spark discharges with low jitter. A similar 
apparatus was described by Tsui [145]. 

7. In 1955 Bardocz and Varsanyi [16,17] described a rotating 
mirror technique with photographic recording of the spectrum, 
in connection with a high voltage spark generator [10]. An aux¬ 
iliary light beam, reflected by the rotating mirror, produced an 
electrical signal for triggering the discharge across one of two 
auxiliary spark gaps. Figure 6 shows the circuit. The trigger 
signal is introduced at position y in the figure. As shown later 
by other authors [77], series-triggering canbe used as success¬ 
fully, instead of the parallel triggering of Bardocz and Varsanyi. 
Using again the late arc-like part of a spark discharge, a spec- 
trochemical analysis of 0.01% Cu in aluminum was made. 

8 . Theuse of image converter and intenstfier tubesfor pro¬ 
ducing time-resolved spectra has been explored by Vanyxikov and 
Milov [152]. The sensitivity of these devices is higher than that 
of any photographic material. The image converter can either 
be pulsed, acting as light amplifier and shutter at the sametime^ 
or the image on its screen can be scanned by other means (e.g., 
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Figure 6. Circuit diagram of electronically controlled high voltage spark 
generator for spectroscopic purposes, [from (10), Courtesy Z. Angew. Phys*3 - 


rotating mirror). The final time-resolved spectrum can eithex* 
be obtained on a photographic plate [152,123] or be displayed on 
the screen of an oscilloscope tube [125]. Figure 7 demonstrated 
such a scanning system. In Figure 8 a comparison is made be¬ 
tween a direct photograph of a spectrum audits photograph taken 
from the screen of an image converter tube. The gain in inten¬ 
sity can be 10 to 10,000 times depending on the experimental 
conditions, at the sacrifice of some loss in wavelength resolution* 



Figure 7. Schematic drawing of scanning and displaying device for timo — 
resolved spectroscopy using an image-converter tube, [from (123), Courtesy 
North Holland Publishing Company]. 

9. By having the spectrum focused on the photocathode of a. 
television camera tube, Gloersen [72] used a modern but some¬ 
what unfamiliar method for producing time-resolved spectra on. 
the screen of a cathode ray tube. A rotating slotted disc in front: 
of the spectrograph slit acted in such a way that the spectrin 
belonging to successive slots were displaced vertically on tlio 
screen. Figure 9 shows the block diagram of his system. Figure 10 
a photograph of a series of spectra taken from the oscilloscooo 
screen. 
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Figure 8. Part of high-pressure mercury vapour spectrum near 6000 A, 
photographed directly (top) and from the screen of the image converter 
tube (bottom), [from (123), Courtesy North Holland Publishing Company]. 


SURVEY OF THE METHODS OF TIME-RESOLVED 
SPECTROSCOPY 


General Considerations 

As has been shown so far, many methods can be used for 
producing time-resolved spectra. Rotating discs and mirrors, 
a moving photographic film, electro- and magneto-optical shut¬ 
ters placed at suitable positions within the apparatus have all 
been employed in order to effect the desired time-resolution of 
the light signal. Photographic materials as well as photoelectric 
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Figure 9, Block diagram of the electronic recording, time-resolving spec¬ 
trometer using a television camera,[from (72),Courtesy J. Opt. Soc. Amer.]. 



Figure 10. Vidicon records of spectra obtained by using the spectrometer 
described in Figure 9, [from (72), Courtesy J. Opt. Soc. Amer.]. 


devices are suitable as radiation receivers, the latter type being 
able to act as time-resolving element at the same time. In case 
the optical signal is converted into an electric signal, the latter 
can be treated in such a way as to produce a resolution in time. 
All possible kinds of spectral apparatus have been used in con¬ 
junction with these time-resolving devices. 
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As it is not possible to review all these possible combina¬ 
tions, an attempt will now be made to provide a systematic treat¬ 
ment. Intensity measurements in time-resolved spectroscopy 
can usually be described in the form of 

I = I (x, y, t, X) (1) 

with X and y the two space coordinates perpendicular to the 
direction of observation, t the time and X the wavelength of the 
radiation. Information regarding the z-coordinate can only be 
obtained in cases where some assumptions relating to the sym¬ 
metry of the radiating source under investigation can be made. 
A full representation of Eq. (1) requires a five dimensional space. 
In principle the use of digital memory systems is also possible, 
but has not been reported as far as is known. If, as is often the 
case in practice, a photographic plate serves as a radiation 
detector, the intensity is recorded as density, and two other 
variables of Eq. (1) are represented as coordinates on the plate, 
while the remaining two variables are used either as parameters 
or superimposed on two of the other variables. It is also pos¬ 
sible to integrate them. 

The insertion of an image-converter or image-intensifier 
between the final image in the measuring apparatus and the 
photoplate constitutes no fundamental departure from the principle 
of the experimental arrangement: 

A three dimensional recording of measured variables is also 
obtained if image memory systems with electronic scanning 
(image orthicons, etc.) are used as far as the mosaic screen is 
concerned. As the results recorded on the mosaic screen can¬ 
not be preserved for a long time, it is necessary either to rep¬ 
resent the results on an image screen and have this image photo¬ 
graphed (in which case the three dimensional representation is 
not changed), or have it scanned vertically or horizontally with 
respect to electric values by a beam of electrons. In the latter 
case another continuous variable has to be transformed into a 
discrete parameter. 

Most photoelectric methods enable only a two dimensional 
recording of the results of the measurements. 

In Figure 11 some examples of different types of time¬ 
resolving spectral apparatus are shown. The top row demon¬ 
strates how a perfect optical relay of an information (for example 
a spark gap) is accomplished. There is a sequence of aperture 
and image stops with suitable lenses or mirrors at the correct 
positions, in order to form the corresponding images. The 
smallest aperture stop determines the f-value, the smallest image 
stop the field of view. This system can be continued at will. Into 
this optical system all elements for spectral and time-resolution 
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Figure 11. Principles of time-resolving spectroscopic devices. 

have to be fitted. In a correctly designed system, all these ele¬ 
ments should lie exactly in one of these planes or in some of 
them, i.e., they should be passed by a parallel beam of light in 
order to avoid vignetting and other distortions. The selection of 
the variables of Eq. (1), and their transfer to the coordinates of 
the receiver are determined by the position of the elements in 
the optical scheme and relative to each other. In order to demon¬ 
strate this scheme, four fundamentally different examples have 
been chosen. The elements for spectra and time-resolution are 
always placed in one of the above-mentioned planes. The neces¬ 
sary lenses or mirrors are not indicated in the drawing. 

The first example shows the well-known frame-camera or 
Miller-camera [108] but with spectral resolution. There is a 
consecutive series of n monochromatic (aa) images of the light 
source (x, y) with an exposure time of A t for each image. The 
next example contains in the first image plane a diaphragm for 
selecting the desired part of the light source (Ax, Ay) which in 
turn is imaged on to the grating (second image plane); therefore 
uniformly illuminated spectrum lines will be recorded in the 
third aperture stop. If the photographic film or plate is moved 
perpendicular to the direction of wavelength dispersion (A.) the 
final record will contain I, A, t. The next schematic drawing 
shows a time-resolved spectrograph with an electro-optical or 
similar shutter (At) in the first aperture stop. The width of the 
horizontal slit of the spectrograph selects the Ay portion of the 
light source. Continuously recorded on the photographic plate 
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are I, x and x with Ay superimposed. The last example shows a 
spectroscopic streak camera, with which I, x and t (superimposed 
Ay) are being continuously recorded, whereas AX and Ay have 
discrete values. 

It is obvious that the properties of any simple combination 
of spectral and time-resolving means can be deduced from the 
scheme. Economic considerations play an important part in 
determining in what sequence the different elements should be 
used. Even the more sophisticated methods of time-resolved 
spectroscopy will fit the scheme, e.g., employing' a rotating 
mirror more than once, or having more than one element for 
either resolution. In Figure 12 a schematic diagram of a com¬ 
plete time-resolved spectrograph is shown [70], the trigger sig¬ 
nal being obtained by a contact. In Figure 13 a similar arrange¬ 
ment using a rotating disc and an auxiliary light beam for 
triggering is demonstrated [77]. 



Figure 12. Schematic diagram for time-resolving spectrograph using a 
rotating mirror, [from (70), Courtesy Optik]. 

The performance limits of devices for 
time-resolving spectroscopy 

The resolutions in time, wavelength, space and intensity 
cannot be increased beyond certain limits set by a) the statistical 
behaviour of the light quanta, b) the mechanical or optical prop¬ 
erties of the materials used, c) the wave nature (diffraction) of the 
light.. Whereas a) and c) are of a fundamental nature, improve¬ 
ments of b) maybe expected in the course of technical progress. 
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Figure 13. Block diagram of time resolving spectrograph using a rotating 
disc and an auxiliary light beam which triggers the discharge, [from (77), 
Courtesy Rev. Universelle Mines]. 


a. The influence of the statistical nature of the light quanta 
has been stressed by Zaidel, Malyshev and Shreider [164]. It is 
useful to define a total resolution A,, (not resolving power!) with 
respect to the objectunder investigation for the whole apparatus 
as follows 


Af Ay(Aj, A^, Ay, At, A\) (2) 

with the resolutions of the parameters defined as 

(2a) Aj = I/A I, (2b) A„ = 1/Ax, (2c) Ay = 1/Ay, 

(2d) At = 1/At and (2e) A^ = X/AX. 

It will be shown in the appendix that for (2) the following expres¬ 
sion can be derived 


(5a) 

withE\ = energy of the source under observation/ 

^ (cm . sterad • sec . A) 

and w the solid angle into which the utilised radiation is emitted. 
The meaning of ??nin should be as follows: 

Pereas all considerations so far have been concerned only 
With the number of quanta emitted from the source, it is now time 
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to coasider all processes that lead to a decrease ia the actual 
aumber of quanta available for the representation of our infor- 
noation. This decrease can be caused by absorption, or by a 
quantum yield less than 100% at any place in the measuring ap¬ 
paratus where light quanta are being transformed into other 
kinds of information units, e.g., blackened photographic grains, 
photoelectrons, etc. In this consideration, t] signifies the ratio 
of the minimum number of quanta or other information units 
available at any place inside the apparatus to the original num¬ 
ber of quanta available from the source. 

b. While Eq. (5a) sets the overall limit for the total resolu¬ 
tion, there are additional restrictions limiting the single reso¬ 
lutions, caused by the mechanical properties of rotating mirrors 
or discs, the coarseness of the photographic grains, the on-off 
ratio of electro-optical or magneto-optical shutters, the trigger 
stability etc. In the case of a frame-camera, Schardin [120] has 
derived a formula for the performance limit of t- and x- 
resolution caused by the tensile strength of the mirror material 
and by diffraction. Skinner [130] has expanded this formula by 
introducing the product of exposure time per frame and frame 
frequency: 


A* b 

7 —} -= const, (6) 

^ f I W 


where b = image size, tf= exposure time per frame, andfy,= 
frame frequency. 

In addition it should be mentioned that some time-resolving 
elements have limitations with respect to wavelength range 
(e.g.,Kerr cell)and most of the radiation receivers have limita¬ 
tions with respect to time-resolution. 

The application of time-resolved spectroscopy is usually 
restricted to a wavelength range where sensitive radiation re¬ 
ceivers are available, e.g., from about lOO to 10,000 A. 

c. In optics generally, unavoidable diffraction patterns set 
a limit to the resolution of images, and they can consequently 
also be a serious limiting factor in time-resolvedspectroscopy. 
In table 1 an attempt has be6n made to provide a survey of avail¬ 
able data, as published in recent papers. Unfortunately there is 
hardly any publication in which one can find all the essential 
data. It should be stressedthatonlyreported values, not calculated 
limits, are listed. In column 7 reference to papers dealing with 
the corresponding subject is made. For further information the 
followingreviewpapers should he consulted: [.39,65,121,122,123, 
98,68,23], 
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SPECTROSCOPIC MEASUREMENTS USING TIME- 
RE SOLVED SPECTRA 

Investigations "with the aid of time-resolved spectroscopy 
can be divided into two groups, e.g.,into investigations of single 
events and into investigations of statistical mean values of many 
single events. For tKe former, a minimum amount of light is 
required, while the latter demands an accurate synchronization 
as provided by modern electronic techniques. It is therefore not 
surprising that time-resolved spectroscopy has not been applied 
for analytical purposes in spectrochemistry before 1951. 

It is not the purpose of this paper to give a complete survey 
of all the work that has been done in this field, but an attempt 
will be made to single out some typical problems that have been 
studied by means of time-resolved spectroscopy. As the pub¬ 
lished literature contains some comprehensive surveys on the 
use of spectroscopic techniques for diagnostic purposes in hot 
plasmas, a field in which extensive use has been made of time- 
resolved spectroscopy [6,163,164,97,109,99,68,23,40] little will be 
said on this subject here. The most frequent subjects of such 
investigations have been instabilities of pinched discharges, 
electron densities, electron temperatures, ion temperatures, 
degree of ionization, radiation losses and impurities. Measure¬ 
ments of intensities of both individual spectrum lines and con¬ 
tinuous radiation as well as determinations of line width and line 
shift are indispensable in such investigations. 

1. A subject of early interestin the history of tinae-resolved 
spectroscopy was the order of appearance of different spectrum 
lines, continuous radiation, bandspectra, etc., in transient dis¬ 
charges. Since Schuster andHemsalech [127] it is known that air 
lines appearbefore spark lines and spark lines before arc lines. 
The dependence on the degree of ionization and excitation potential 
has been investigated [114,33,22,104,110]. The intensity distri¬ 
bution with time of spectrum lines of different excitation potential 
and of the continuumhas been measured [104,109] and compared 
with calculations. An example is shown in Figure 14. 

2. One of the most discussed subjects in gaseous discharges 
has always been the temperature of the discharge. By using 
time-resolution it has now been established that the electron 
temperature of the channel at the beginning of a spark discharge 
is as high as 30,000° K or more [71,32,46,103,90,140,101]. This 
result was obtained with the help of theOrnstein method employ¬ 
ing spectral lines of high excitation potential. Lines with an un¬ 
sufficiently high excitation potential as used previously for tem¬ 
perature determinations have not given the temperature of the 
corebut that of a cooler outer layer (see for instance [22]) as 
was pointed out by Huldt [84]. 
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Figure 14. Time-resolved intensities of severe 
spectrum, [from (103), Courtesy Spectrochim. 
iUH, V =14I<V. 


I lines and of the continuou 

Acta]. C = 0.25 /liF, L = 1 


In cases where the discharge channel has a cylindric sym¬ 
metry the use of the Abel inversion enables the correct deter¬ 
mination of the temperature of other zones than the centre core. 
It appears impossible to deduce the temperature by the Ornstein 
method from the relative intensities of two spectrum lines witb. 
appreciably different upper level energies inasmuch as they are 
excited in different discharge zones where the temperatures are 
different and at different instants in time [90]. 

The same high temperature has been found independently by 
applying a hydrodynamic shock theory [1,54] to the expansion of 
the spark channel [104]. Recently, similar values have been, 
determined by a new method [87 ] where no transition probabili — 
ties or electron densities need be known. If the temperature a.t 
which a certain spectrum line reaches its maximum intensity is 
c^led "norm temperature" [94] (see Figure 14) it has been 
shown [132] that in a cylindrically shaped plasma, which is cool¬ 
ing off, the norm temperatures of different lines indicate th.e 
temperature of the core at different instants of time. There 
exists a logarithmic relation between norm temperature and time 
is demonstrated in Figure 15. In all these measurements 
thermodynamic equilibrium is assumed to exist, at least between 
electrons and ions. 


3. As far as the question of thermodynamic equilibrium is 
been calculated that for an initial temperature 
? + ’ . ^ spark discharges under normal pressure,trans — 

latoryequilibriuni should be reached within 10-7 gee [103]. Other 

L 7] believe that this time should be somewhat longer 
' ^ on the establishment of complete 

equilibrium in the plasma of an electric discharge, the following 
fif ■ recently been obtained: All temperatures reacb 
equilibrium within a time smaller than 10“® sec except the 
vibrational temperature, which takes 20 to 25 Msec [113].. 


O » 



RESULTS OF TIME-EESOIVED SPECTROSCOPY 


107 



Figure 15. Cooling off of a plasma heated .by a short high current pulse. 
Current and energy (a), light emission of different lines (b), course in time 
of temperature of the plasma (c), [from (87), Courtesy Z. Ph/sik]. 

4. The alterglow of electric discharges, also the subject of 
early investigations [127,115] has been used for classifying spec¬ 
trum lines in a similar manner as the order of appearance [31, 
2,63,169] and recently for calculating coefficients of recombina¬ 
tion [155]. 

In Figure 16 the afterglow of Zn-lines after the spark cur¬ 
rent has ceased can be seen. 

5. From the modulation of the intensity of different spectral 
lines by a high frequency spark current [49,50] themnodynamic 
properties of the plasma have recently been calculated [58]. 

6 . Line broadening (see Figure 17) and shifting and their 
change with time have been used to calculate ion temperature, 
density of charged particles, the Stark constant and the inter¬ 
atomic fields [22,49,50,21,159,140,15,18,99]. The influence of 
the upper energy level on shift and width has been stressed [15, 
18]. The linear Stark effect (line broadening without shift) in 
hydrogen has been the subject of considerable interest [99]. 

7. More work has been done to investigate the properties of 
the channelof spark discharges and more generally of a plasma. 
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Figure 16. The afterglow of the first triplet of diffuse series of Zn, [from 
(155), Courtesy Souerlander u. Co. Aorau/SwitzerlancQ. 


Figure 18 shows electrou density and temperature distribution, 
across a spark channel as determined by time-resolved spec¬ 
troscopy. The change with time of the diameter of the channel, 
as well as its dependence on the change of current [147,116,156, 
149,135],have been studied. Boltzmann's lawfor the distribution 
of atoms among the excitation terms has been tested [147]. The 
work of Glaser [70,7 l]covering many aspects of spark discharges 
should be mentioned. More information on the spectra of the 
discharge atmospheres, and of the wavelength distribution of line 
and continuous energy from the ultraviolet to the near infrared 
has been obtained [116,150,151,118,99]. An example is shown in 
Figure 19. 

8 . Wire explosions offering a number of special features 
e.g., a discharge channel with cylindric symmetry, filled almost 
completely'^ with the vapor of the wire material instead of the 
surrounding atmosphere, have been studied for a long time [131, 
90]. An interesting result has been reported recently [19]: the 
channel of the discharge is formed along the wire before the wire 
has been destroyed by the explosion. 

9. Time-resolved spectra and their distribution across the 
gap of vacuum discharges have been studied using high spark 
currents [157,128,85]. In these discharges aplasmanot influenced 
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Figure 17. Line shape of time-resolved spectrum lines, [from (50), 
Courtesy Spectrochim. Acta]. 

by a discharge atmosphere is obtained in which lines of highly 

ionized atoms are easily excited [128,85]. 

10. A.n object of great interest from many points of view, and 
for a considerable time, has been the behaviour of the vapor 
clouds originating from the electrodes. Since Schuster and 
Hemsalech first measured velocities of such vapor jets [127 J, 

extensive studies [86,81,162,45,140,83,105] havebeen made. With 

the help of time-resolved spectroscopy, velocities of the vapor 
jets have been determined by measuring the time of appearance 
of the spectral lines of the electrode material at certain places 
in the gap. Values up to 4 km/ sec have been recorded, depending 
on the electrode material and the discharge conditions. The 
velocity of the anode j etwas always higher than that of the cathode 
jet. No anode vapor jet is found in rare gas atmospheres. This 
indicates that chemical reactions on the electrode surface are 
responsible for the production of anode vapor jets in atmosphere 
other than noble gases. A dependence of the jet velocities on the 
atomic weight has also been noticed. Further observations 
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Figure 18. Distribution of electron density and temperature across the chan¬ 
nel of a spark discharge 2.9 jLtsec after breakdown, [from (104), Courtesy 
Spectrochim. Acta], t = 2.9 /isec, L = 2 juH, C = 0.25 /iF, V = 10 kV. 1 - 
pressure wave, 2 - channel envelope. 



Figure 19. Spectral density of discharges in helium (a), neon (b), argon (c) 
and krypton (d) recorded at different times, [from (151), Courtesy Opt. 
Spectryl. 


revealed that the jets leave the electrodes perpendicular to the 
surface and that there are pronounced differences in the luminous 
behaviour of both jets. The kinetic energy of the jet is comparable 
to that of the mean excitation energy of the spectrum lines. Esti¬ 
mates on the current density have also been made. 
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11. Following earlier ■work [95,129,119] the spectrum of spark 
breakdown has recently been investigated [14,135,158]. In addi¬ 
tion to broadened N H and 0 II lines and a strong continuum, a 
baadspectrum,apparentlyexeited in the colder mantle surround¬ 
ing the hot channel of the spark, has been detected [14]. 

12. Sparks as light sources for illumination purposes have 
been extensively investigated. Radiation density, distribution of 
radiation energy, and temperatures are of interest in this con¬ 
nection and have been measured [70,71,141,143]. The increase 
"with pressure of 'the amount of coutinuous radiation has been 
carefully studied [70,71]. Sliding sparks for use in high speed 
cinenaatography have been investigated along similar lines [67]. 

13. Few applications of time-resolved spectroscopy to ab¬ 
sorption spectroscopy have been reported. The life time of 
metastahle terms in atomic gases has been determined from 
decay measurements [112]. Experiments have been conducted 
in which the cooling off of the vapor cloud in a spark discharge 
was traced,by illuminating the cloud and observing line reversal 
[31,30]. Figure 20 shows atypical sequence of spectra. 

14. Time-resolved spectroscopy has further been applied to 
research in the following fields: arcs and activated arcs[113,2], 
diffusion of atoms in an arc [73],long sparks [154,153,135], rapid 



Figure 20. Emission and absorption spectra of the afterglow of a spark dis¬ 
charge between Mg electrodes, timet xIO"'* sec. [from (31), Courtesy Z. 
Maturforsch.]. 
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Figure 21. Time-resolved interferometry using a Mach-Zehnder interferom¬ 
eter anda mirror streak camera for measuring electron densities,[from (106), 
Courtesy North Holland Publishing Company]. 

chemical reactions [91] pyrotechnics [146], fluorescence [69], 
interferometry [106], band spectra [160,82], nuclear explosions. 
A time-resolving interferometer for the determination of the 
change in electron density in a plasma is shown in Figure 21. 
An example of a time-resolved band spectrum of high time reso¬ 
lution is demonstrated in Figure 22. 

APPLICATIONS OF TIME-RESOLUTION TO 
SPECTROCHEMISTRY 

Light Sources for Spectrochemical Analysis 

Electric discharges changing rapidly with time, e.g., spark 
discharges are widely used as light sources for spectrochemical 
analysis. It is therefore not surprising that time-resolving 
devices for studying the properties of spark discharges as 
spectrochemical light sources have been used in the past with 
great success [1,86,70,71]. Whereas usually in spectroscopic 
light sources the plasma of the discharge channel and conse¬ 
quently the properties of the discharge atmosphere are the main 
subjects of interest, it is obvious that in light sources for spec¬ 
trochemical applications the vapor clouds originating from the 
electrodes which are actually used for the analysis, are even 
more important. The fundamental differences in the behaviour 
of discharge channel and vapor clouds have first been stressed 
by Kaiser and Wallraff [86]. 

Some problems of particular interest to spectrochemists 
are the following; the rate of evaporation of the sample from the 
electrodes, the formation of vapor jets and the transport of ma¬ 
terial into the gap, the distribution and change with time of spec¬ 
tral lines, band spectra and continuous spectra excited in these 
vapor clouds, the influence of the discharge atmosphere. 
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Figure 22. Time-resolved band spectra ofnitrogen using a pulsedmultiplier, 
[from (82), Courtesy Philips Tech. RevJ. 


Even, under carefully controlled electrical conditions there 
is usually a large variation in light intensity between successive 
sparks [162,132,88]. Lines of low excitation potential which are 
easily excited everywhere in the rather cold vapor cloud are 
subject to much stronger intensity variations than those of high 
excitation potential which are mostly excited in the hot region 
near the electrodes. It has been established that the evaporation 
of the electrode material does not occur continuously during the 
discharge, but quite irregularly. It is still open to question how 
the electrode material is liberated from the electrodes. This 
may happen by purely thermal evaporation [83], or by a process 
similar to an explosion, in which the vapor clouds are initially 
relatively cold and then get their excitation energy on passing 
the hot discharge channel [140]. 

Using a frame-camera or image converter tubes with spec¬ 
tral resolution it was possible to study the distribution in time, 
space and wavelength of the radiating vapor cloud, due to the 
propagation of the initial shock wave and the geometry of the 
spark gap [9,105]. An example is shown in Figure 23. The be¬ 
havior of the different kinds of discharges [4,60], i.e., contracted, 
diffuse and intermediate discharges, especially in rare gas 
atmosphere, can be seen quite clearlyon such photographs. Fig¬ 
ure 24. The line structure (line width, self absorption) can be of 
interest, because this structure may influence the measurements 
of maximum density of a line, as used for quantitative analysis. 
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Figure 23. Radiation of the Ha line in a spark discharge in hydrogen, re¬ 
solved in time and space, [from (9), Courtesy Opt. Spectry]. Exposure time 
1 /xsec." Time after the beginning of the discharge (in /isec): top - 0, 
center - 5, bottom - 10. 
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Figure 24. Spark discharges between Ag-electrodes in Ar-atmosphere, re¬ 
solved in time and space, 10 /isec exposure/frame, current 50/150 Amp, 
total duration 250 jUsec, 

I. ) contracted discharge: a) Ag 3281 A, b) Ar 3949 A 

II. ) diffuse discharge; a) Ag 3281 A, b) Ar 3949 A, 

[from (60), Colloquium Spectroscopicum Internationale IX^ Lyon, France 
1961]. 
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The temperature and other thermodynainic properties of thedis- 
charge plasma play an important part insofar as they strongly 
influence the above-mentioned qualities. 

Spectrochemical Analysis Using Time-Resolved 
Spectroscopy 

Whereas the preceding partof this report dealtwitb the role 
of time-resolved spectroscopy in the study of rapidly changing 
parameters of gaseous discharges, quite a different group of 
problems will now be considered. 

In spectrochemical analysis using a spark light source, a 
property of the samplewhich is constant in time, e.g., the chemi¬ 
cal composition, has to be determined by means of a series of 
rapidly changing events, e.g., the sparks. Integration over a 
large number of individual sparks increases the accuracy of the 
analysis. As was pointed out by Crosswhite, Steinhaus and 
Dieke [52,43,133,134], the selection of certain temporal parts of 
a spark discharge for use in spectrochemicalanalysis enables a 
higher line to background ratio (and correspondingly a lovfer 
detection limit) than could be achieved by using the total light of 
the discharge. In addition, their results show that interference 
by air- and spark-lines, which are mostly excited during the 
initial stage of the spark, can he avoided if for the analysis arc 
lines in a later part of the discharge are used. As the intensity 
of the spectrum in the late part of a damped discharge is weak 
compared to the high intensity of disturbing background and 
interfering air- or spark-lines excited in the early stage of the 
discharge, a high on-off ratio of the switch selecting the desired 
part of the spectrum is necessary. In table 1 obtainable on-off 
ratios as well as time-resolution are listed. 

Photomultiplier tubes as radiation receivers are sensitive, 
fast and convenient to use and can be combined with an efficient 
electronic shutter, but it should be emphasized that mechanical, 
electro-optical and similar shutters can be used in connection 
•with any radiation detector, the main advantage of the photoplate 
being its ability to record the full time-resolvedspectrum,at the 
expense of its much lower sensitivity. 

Using modern electronic methods for synchronizing and 
triggering, all the above mentioned shutters can be employed 
with equal success. Values for the jitter iu triggering lower 
thanlO-’ sec for long times of operationhavebeen reported[126]. 

There can be no doubt that time-resolved spectroscopy can 
be a very useful tool for investigations concerned with the im¬ 
provement of spectrochemical analysis. 

In order to employ the possibilities of applyingtime-resolved 
spectroscopy directly to spectrochemical analysis, more work 
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in tMsfield has been done recently [77,7,138,93,92,126,100]. For 
the evaluation of this method the following questions should be 
considered. As there is certainly some additional expense in¬ 
volved in the use of time-resolving mechanisms, the results 
that can be obtained should justify this expense. 

What progress at all should, be expected? We think this 
method, as any new analytical method, should be judged by the 
answer to the following questions [93]: 

a. Is it possible to obtain a definite lowering of the detection 
limit of traces, compared to customary arc and spark methods? 

b. Can the accuracy of the analysis be improved? 

c. What other improvements can be achieved? 

Before an attempt is made to answer these questions, the 
following facts should be taken into account: 

In all cases where different discharge atmospheres have been 
used in the course of investigations,comparisons of the respec¬ 
tive results can be misleading as these results can be and prob¬ 
ably are masked by the very pronounced effects of the different 
discharge modes possible in different atmospheres [4,60], e.g., 
a spark between aluminum electrodes in Ar atmosphere will 
most probably belong to the diffuse type of discharge whereas 
the same discharge in air may be of the contracted type. For a 
copper sample conditions could be reversed. With steel, zinc, 
and other materials there is a choice between three types of dis¬ 
charges. Time-resolved spectra of discharges in different gases 
can only be compared if produced by the same type of discharge. 
(See Figure 24). 

Now the answers: 

a. As the detection limit of an analytical method depends on 
the line to background ratio, the change in time of this quantity 
is of paramount importance. A close resemblance of the late 
time-resolved spark spectrum of fairly low inductance sparks to 
an arc spectrum in which a high line to background ratio prevails 
is immediately apparent and was reported as the main advantage 
of the new method [43,133,134,16,17,11]. Unfortunately, the line 
to background ratio does not increase indefinitely with time dur¬ 
ing a spark discharge and in the afterglow, but shows a definite 
maximum and the detection limit correspondingly a definite min¬ 
imum which is usually of the same order of magnitude as that 
obtainable with arclike sparks (high inductance sparks) or slightly 
better [60]. Figure 25. The obtainable detection limit is almost 
independent of the kind of spark discharge used for exciting the 
time-resolved spectrum [60]. In most cases an a.c. arc will 
yield a lower detection limit. A spark discharge must burn 
almost as long as the burning period of an a.c. arc and its cur¬ 
rent must be of the same order of magnitude, if it is desired to 
attai n similar detection limits. This is shown in Figure 26. 
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FiQure 26 Time resolved line lo background ratio of Mg 2852 line m dis- 
ch^argesof constant current pulses, compared to tbe corresponding ratio 
unresolved high inductance sparks and a. c. arcs. 
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b. As there is no markediniluence of the parameters of the 
exciting spark on the obtainable detection limit a discharge can 
be chosen that will give high accuracy as long as no other con¬ 
tradictory conditions for the choice of discharge parameters are 
imposed. 

c. Conditions for the reduction of third partner effects, 
optimum evaporation of the sample, etc.,can be chosen without 
sacrificing sensitivity although there might be some decrease in 
accuracy. 

In some cases, where the most sensitive analysis line isl 
masked by an interfering line of different change of intensity with 
time, the detection limit can be lowered if this line can be used 
by a suitable adjustment of the time interval [134,60]. 

In special cases, conditions for a pronounced improvement 
of the detection limit can be found, e.g., in the case of the copper 
spark method [60]. Spectral lines normally used for spectro- 
chemical analysis may show up peculiarities that render them 
unsuitable for analysis with time-resolved methods [126]. To 
ensure that line pairs employed have nearly identical properties, 
these lines should have upper energy levels as close together as 
possible [90]. The low intensity of the most useful late part of a 
time-resolved spectrum may present difficulties, so that a com¬ 
promise between line to background ratio and overall intensity 
must be found. 

Time-resolved spectroscopy has also been employed for 
analytical applications, using ana.c. arc as a lightsource. Fairly 
small changes in the spectrum with time have been reported [137]. 

APPENDIX 

The actual resolutions of intensity, space coordinates, time 
and wavelength will be defined by the equations 

(2a) Ai = I/AI, (2b) Ax = 1/Ax, (2c) Ay = 1/Ay, (2d) A t = 1/At 

and (2e) A^ = A/AX, respectively. 

With EX = Energy/(cm^ . sterad • sec • A.) it follows for the 
number of quanta emitted into the solid angle from the source to 
the first aperture stop: 


E;)^ AX At Ax Ay u) 

nt.x.y,x = h^Tx » or rewritten (3) 

Ex X^ CO _1^ 1 _]_ _1^ 

he 1/Ax 1/Ay 1/At X/AX 


(3a) 
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Hence with (2b) through (2e) it follows, 

, X, y,A “ 


o) 11 11 


^_ (3b) 

h C Ai-x t 

Using the well known relation for the measurement of in¬ 
tensities by counting quanta 


A I 


I -j/ t ,x,y,X 


, and introducing (2a), 


At = n .is obtained. Inserting this expression in 

■”■1 “-t.x.y.X 

(3b) it follows 


a) 


he 


or 


(4) 
(4a) 

(5) 


Ar = V„ 


X Ex CO 
h c 
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Onehundredyears ago Kirchhoff and Bunsen described tlieir 
celebrated experiments which showed that atomic spectra, either 
in emissionorabsorption, provided a powerful means of chemical 
analysis. Since that time emission methods of spectrochemical 
analysis have been steadily developed and during the Second World 
War culminated in direct reading spectrographs of the type now 
in widespread use. It is a curious feature of thehistory of spec¬ 
trochemical analysis that whilstall these developments in emis¬ 
sion methods were taking place, the potentialities of analytical 
methods based on atomic absorption spectra were almost com¬ 
pletely ignored. This neglect is particularly surprising in view 

of the well known applications of atomic absorption measurements 
in spectroscopic research work: for example,in studies of fur¬ 
nace spectra; in investigations of hyper-fine structure by means 
of atomic beams; and in many experiments associated with the 
measurement of the resonance radiation from atoms. As a purely 
analytical tool, however, the absorption method has been largely 
confined to studies of the compositions of the solar and stellar 
atmosphere's, and to the special case of determining the contami¬ 
nation of laboratory atmospheres by mercury vapour. 

It is only during the last decade, and particularly during toe 
last four years, that it has been shown that atomic absorption 
methods of analysis canbe applied to a wide variety of analytical 
problems, and have some important advantages over emission 
methods. In this review it is proposed to discuss: (a) the basic 
differences between analytical methods based on atomic emission 
and on atomic absorption spectra; (b) the methods which have 
been developed for making the necessary atomic absorption 
measurements; and (c) the limitations and scope of currently- 
used analytical methods based on such measurements. Finally 
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the outstanding problems at the present time will be discussed 
and an outline given of the main directions of current researches. 
For detailed information of the various analytical methods which 
have been developed and for a comprehensive bibliography the 
reader is referred to the numerous review articles [1-9] which 
have appeared during the past two years. 

BASIC DIFFERENCES BETWEEN EMISSION AND 
ABSORPTION METHODS 

Consider first the basic differences between analytical 
methods based on atomic emission and on atomic absorption 
measurements. In emission methods, the sample for analysis is 
atomized and excited (simultaneously, in practice), the emitted 
radiation dispersed, and the intensitites of selected lines in the 
emission spectrum measured. 

Neglecting self-absorption and induced emission, the inte¬ 
grated intensity of emission of a line is given by 

/l^di^ = CN.f (1) 

where Nj is the number of atoms in the upper state involved in 
the transition responsible for the line, f is the oscillator strength 
of the line, and the proportionality constant C depends on the 
dispersing and detecting systems. Assuming that the atomic 
vapour is in thermal equilibrium at temperature T, then the 
number of atoms in an excited state j, of excitation energy E:, 
is given by 


Nj = 


N, 


Pi 




e-Ej/KT 


( 2 ) 


where N^ is the number of atoms in the ground state, and P j and 
Pq are the statistical weights of the excited and ground states 
respectively. 

From (1) and (2) it can be seen that the emitted intensity 
depends on T and E. (which for resonance lines, involving tran¬ 
sitions to the ground state, is inversely proportional to the wave¬ 
length of the line). Examples of the variation of Nj/N^ with T 
and E j (or X -i) for various elements are given in Table 1. 

Consider now the case of absorption of a parallel beam of 
radiation of intensity I at frequency v incident on an atomic 
gas or vapour of thickness 1 cm. Then if I^ is the intensity of 
the transmitted beam, the absorption coefficient of the vapours 
at frequency v is defined by 


Iv = Iov 


e-Kvi 


( 3 ) 



Values of N - /N for Various Resonance Lines 
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the relationship between integrated absorption and concentration 
is given by 


I 


TT e ^ 
m c 


N,f 


(4) 


where e is the electronic charge, m the electronic mass, c the 
velocity of light, N^, the number of atoms per cm^ which are 
capable of absorbing in the range to v + dv. (Equation (4) 
assumes that the refractive index is of the order of 1 over the 
breadth of the absorption line and is not applicable to strong 
absorption lines.) 

Now it can be seen from Table 1 that at temperatures up to 
5000°K the number of excited atoms is, in most cases, negligible 
compared with the number of unexcited atoms and thus in equa¬ 
tion (4) Nv can be replaced by N, the total number of atoms per 
cm ^ 

It can be seen, therefore, that in contrast to emission inten¬ 
sity, the integrated absorption coefficient for lines originating in 
the ground state is independent of temperature and of excitation 
potential, and this is one of the main attractions of the absorption 
method. 


MEASUREMENT OF ABSORPTION BY ATOMIC VAPOURS 

Unfortunately, it is not possible in practice to apply equation 
(4) directly. There is no satisfactory method of determining the 
integrated absorption coefficient by conventional scanning meth¬ 
ods, since the width of atomic absorption lines rnider the usual 
conditions of measurement is in the range 0.02-0.1 A and the 
resolution required to record the profiles of such lines is obvi¬ 
ously much higher and is beyond the performance of most mono¬ 
chromators. In addition, if it is desired to use photo-electric 
methods of intensity measurement, then it is scarcely feasible 
to use a source emitting a continuum, since the energy emitted 
over such a small spectral range would generally give insuffi¬ 
cient signal/noise ratio for satisfactory recording. 

The method which has been adopted has been to measure the 
absorption coefficient at the centre of the line, using an atomic- 
line source which emits lines having a much smaller half-width 
than the absorption lines so that, to a good approximation, a 
measurement can be made of peak absorption. The latter is also 
linearly proportional to concentration provided the shape and 
width of the line is independent of concentration. 

If such a sharp-line source is used, it is now no longer nec¬ 
essary to use a high resolution monochromator: the function of 
the monochromator is now simply to isolate the required 
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resonance line from all other lines emitted by the source. Using 
this techaique it is possible to achieve an elective resolution, 
equal to the half-width of the emitted line, of the order of O.OIA 
This high resolution is an essential feature of the absorption 
technique, and yields an important advaatage over emission 
methods in which the resolution is much lower since it is deter¬ 
mined by the optical performance of the monochromator. Th 
"radiation interference"effects,which in emission 
are due to the monochromator being unable to isolate f 
line from neighbouring lines or background, have little or no 

counterpart in absorption methods. +u„ 

Another feature of the experimental arrangement in the ab¬ 
sorption method is the provision of means for compensating for 
any^radiation emitted by the sample at the wavelength at which 
me isorption measurement is to be made. The simplest method 
for achieving this is by modulating the radiation from the source 
before it paLes through the atomic vapour and amplif ymg the 
output of the detector hy an amplifier tuned to this modulation 
frequency. Thus any radiation emitted by the atomic japour, 
S “n»tmodvdatU produces no signal at tte ou^ut of the 

amplifier. In some cases, such as when using lines below 3000 A, 

the^radiation emitted hy the sample is negligible compared to 
that from the source and D.C. amplification is possible. »is ap¬ 
parent, however, that the modulated system is more generally 

applicable than a D.C. system. u + 

In a modulated type of atomic absorption spectrophotometer 
the light source emits, under conditions which Pro¬ 

duction of extremely sharp lines,the spectrum of the ele^ment to 
be determined and this emitted radiation is modulated, either by 
modulating the electrical supply to the lamp or hy a mechanical 
ToTper ia the light beam, before it passes though the atomic 

vapour of the sample. The monochromator isolates a givenline, 

usually the strongest resonance line, and this falls on to a pho o- 
electrL detector. The output from the letter m passed to an 
amplifier tuned to the same frequency as the light source, and 
Ser amplification the signal is ^^^tifmd the recti red 
being read off on a meter or recorder which indicates the signal 
■with and without the absorbing sample in the radiation path. 


APPARATUS 


Anatomic absorption spectrophotometer [10] typical of those 

now used in analytical laboratories is shown in Figure 1. The 
STght source is a sealed-off hollow cathode tube, containing a 
cithode of the element to be determined, and the ^ ^ 

flame into which is sprayed the sample for analysis. The power 
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Figure 1. Simple atomic absorption spectrophotometer. 


pack on the left supplies the hollow cathode tube with a D.C. sup¬ 
ply modulated at 50 or 100 c/s, and the unit on the right contains 
a regulated power-supply for the photomultiplier tube, A.C. am¬ 
plifier, rectifier and output meter. The small unit on the ex¬ 
treme right provides scale-expansion. There are, of course, 
numerous variations of this type of apparatus. For example, for 
the determination of the alkali metals the usual type of laboratory 
discharge lamp is satisfactory and the monochromator canbe an 
absorption or interference filter. Figure 2, for example, shows 
an instrument [11] for the determination of sodium and potassium. 
The apparatus employs a monitoring system to compensate for 
fluctuations in the light source and is arranged to give 1 ppm full 
scale deflection. Similar types of apparatus could obviously be 
developed for other determinations, but for general analytical 
work there is at the present time no alternative to a dispersion 
monochromator. The dispersion and resolution required varies 
according to the element to be determined, the most stringent 
demand being in the determination of nickel, where for optimum 
performance it is necessary to isolate the line at 2320.OA (which 
is the most sensitive line in absorption) from the singly-charged 
ion line at 2319.8A. 

With two exceptions which will be discussed later, all ana¬ 
lytical work to date has been restricted to the analysis of solu¬ 
tions which are atomized in a flame, the most commonly used 
fuel mixtures being air-coal gas, air-propane and air-acetylene. 
It is usual to employ a burner giving a long (up to 10 cm), narrow 
ame and, since maximum absorption occurs at different parts of 
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Figure 2. Simple filter instrument for the determination of sodium 

and potassium. 


the flame for different elements, provision must be made for ac 
curate adjustment of burner height. 


SCOPE AND LIMITATIONS OF ATOMIC 
ABSORPTION METHODS 

There are now some two hundred laboratories 

atomSabscrpllon spectrophotometers^ 

xifiii-ie! taI whichi C3«n. dGlGTOiin© y n i,* 

ro^tto'alpecfSSy het for some of which ro specific analyti- 

cal applications hate yet “e atomic absorption 

mePiS to dai rSemsThsfmable to mahe toe foUowihg com- 

■"“p'The advantages to be eitpacted '“IStfrto; 

tion is independent of excitation potential (or wavelength 
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Table 2 

Summary of Published Applications of 
Atomic Absorption Spectroscopy 


Element 

Sample 

Na 

Plants, soil extracts, blood sera. 

K 

Soil extracts, blood sera. 

Cu 

Plants, soils, fertilizers, copper alloys, ore con¬ 
centrates. 

Ag 

Lead concentrates. 

Mg 

Plarts soils, blood sera, urine, milks, aluminium, 
nickel, steel. 

Ca 

Plants, soil extracts, blood sera, urine, saliva. 

Sr 

Plants, soil extracts. 

Zn 

Plants, soils, fertilizers, urine, brasses. 

Cd 

Zirconium, urine. 

Pb 

Urine, copper alloys, steel, wines, petrol. 

Bi 

Urine. 

Mo 

Fertilizer, stainless steel. 

Mn 

Soils, plants. 

Fe 

Plant ash. 

Ni 

Leaded brass. 


^2 sodium (5890.0^. 

Kp-SHSrHSSa 

5 P since the magnesium resonance line at ia° 

cannot be isolated from the strong sodium liL at 2852 sT ln 
S^aldaffA ^ PP«^°f“agnesiumin0.lNhydrochlo- 

to be1i°et"ieril« lnt?e‘S‘o?wi‘'’'Tr 

molecular species. Forexamole in spectra due to 

flame photomet,, email am<^ta of ^?e'e“ 
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Table 3 


Limits of Detection of Metal Ions in Solution by a Simple Atomic 
Absorption Spectrophotometer (See Ref. 4) 


Metal 

Line (.i) 

Concentration 
(ppm.) Giving 
1% Absorption 

Metal 

Line (A) 

Concentration 
(ppm.) Giving 
1% Absorption 

Li 

6708 

0.03 

Ga 

2874 

250 

Na 

5890 

0.03 

T1 

2768 

0.8 

K 

7665 

0.03 

Sn 

2863 

5 

Rb 

7850 

0.1 

Pb 

2833 

0.5 

Cs 

8521 

0.15 

Sb 

2311 

1.5 

Ca 

3248 

0.1 

Bi 

3068 

2. 

Ag 

3281 

0.05 

Cr 

3579 

0.15 

Aa 

2428 

0.3 

Mo 

3133 

0.5 

Mg 

2852 

0.01 

Mn 

2795 

0.05 

Ca 

4227 

0.08 

Fe 

2483 

0.1 

Sr 

4607 

0.15 

Co 

2407 

0.2 

Ba 

5536 

8 

Ni 

2320 

0.2 

Zn 

2139 

0.03 

Rh 

3435 

0.3 

Cd 

2288 

0.03 

Pd 

2476 

0.8 

Hg 

2537 

10 

Pt 

2659 

5. 


large amounts of calcium, the monochromator transmits not only 
one or both sodium resonance lines of the yellow doublet, but also 
the molecular band spectra of calcium hydroxide which are 
emitted in this region. Even when using a spectral slit-width of 
lA the total calcium hydroxide emission may be much greater 
than that due to sodium. In absorption, on the other hand, 
Brownell [13] has found the corresponding effects to be extremely 
small, since the effective spectral slit-width can be reduced to 
O.OIA. 

Similarly, Zaidel and Korennoi [14] report that "strontium, 
which interferes seriously in the determination of lithium by the 
emission method, has no effect on the absorption. The strontium 
hydroxide formed in the flame emits a molecular band at 6628- 
6700 A, which overlaps Li 6708 because of the insufficient 
resolving power of the monochromator. For absorption, the in¬ 
adequacy of the equipment is not important, because the signal 
from the unmodulated strontium emission from the flame is not 
transmittedby the tuned amplifier". (This explanation is notcom- 
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pletely correct: another reason for the superiority of the absorp¬ 
tion method in this case is due to the high effective resolution and 
this effect is still operative even if the emission from the atom¬ 
ized sample is negligible compared to that from the light source.) 

A further example is in the work of Allan [15] who reports 
that a solution containing 10 ppm each of iron and manganese, 
and 3000 ppm potassium, 3000 ppm of calcium, 1000 ppm of 
sodium, 1000 ppm of magnesium and SOOppm of phosphorus gave 
the same iron and manganese absorption readings as a solution 
containing only 10 ppm each of iron and manganese. Allan points 
out that "this complete lack of radiation interference is in marked 
contrast to the situation that occurs in flame emission methods 
using the most sensitive emission lines, manganese 4030^*^ and 
iron 3730A, which are in a region of the spectrum where there 
is strong continuous and band emission so that large background 
corrections are necessary." (Allan has pointed out that the 
strongest absorption lines of elements having a complex spectra 
do not necessarily correspond to the strongest emission lines 
and has described a simple spectrographic method by which they 
can be determined.) 

3. The method has been found suitable for use in routine 
analytical laboratories. For example, Allan [12] states that 
magnesium determinations "can be carried out with the same 
ease as, and probably with greater reliability than, flame photom¬ 
eter determinations of sodium, potassium and calcium." 

4. A wide variety of analytical work is possible using eq^uip- 
ment -which is simple and inexpensive. 

5. The outstanding limitations of the absorption method arise 
from the difficulty in atomizing various elements. The flames 
■which have been used to date are incapable of atomizing elements 
such as aluminium, silicon, zirconium, etc., which form stable 
molecules compounds in the flame, and yield virtually no free 
atoms. Thus the atomic absorption method in its present form 
is not applicable to the determinations of these elements. Simi¬ 
larly other elements are only partially atomized, thus resulting 
in loss in sensitivity and the possibility of chemical interference 
due to variation of the degree of atomization of one element with 
toe concentration of other elements, radicals or compounds in 
toe solution. For example, the alkaline earth elements form 
compounds with phosphate, sulphate or silicate, and since these 
are only partially volatilized and/or dissociated their presence 
lowers the number of free atoms available. This type of inter- 
fererice is present to the same extent in emission and absorption 
Md is responsible for serious limitations in flame methods, 
^lowance for this type of interference can sometimes be made 
by using standard solutions which are closely similar in 
composition to the sample for analysis, but this approach is 



A.TOMIC ABSORPTION SPECTKOSCOPY 


137 


obviously of limited application. The more usual method is by: 

(a) addition of excess amounts of the offending anions or cations; 

(b) removal of the interfering element; or (c) addition of com- 
plexing reagents such as EDTA to prevent the formation of stable 
or involatile compounds. 

When using such methods it may well prove that absorption 
methods give more scope than emission methods in the choice of 
suitable additions since the latter may well introduce radiation 
interference, which as -waspointedout earlier, may be much more 
pronounced in emission than absorption. 

6. The absorption method in its present form is not suited 
to rapid survey work involving the determination of a large num¬ 
ber of elements,particularly when only a limited sample is avail¬ 
able. There is no counterpart to scanning emission methods and 
the use of a fixed array of hollow-cathode tubes and an array of 
photomultiplier tubes at the appropriate points on a focal wave 
results in an arrangement which is appreciably more complicated 
than the corresponding arrangement using flame emission 
methods. 

7. There is no counterpart in absorption to flame emission 
methods based on the use of molecular bands, or to those in which 
chemiluminescence yields enhanced sensitivity for some lines of 
some elements. 

CURRENT RESEARCH 

It seems certain that in the near future the atomic absorp¬ 
tion method will be applied to an increasingly wide range of ana¬ 
lytical problems by straightforward extension and modification 
of existing techniques, and much effort will obviously be devoted 
to the development of the appropriate recipes for specific prob¬ 
lems. However, in view of the central importance of the atomiza¬ 
tion problem it Is to be expected that this will he the focus of 
much research in the future. Whilst there are many variants of 
the flame which remain to be explored it is highly probable that 
the most spectacular advances will come from the development 
of completely new atomizers, although it is difficult to imagine 
one which is as simple and convenient to operate as a flame. 

One promising approach is the cathodic-sputtering tech¬ 
nique which my colleagues and I have developed over the past 
three years [16,17]. In this method, which so far has been re¬ 
stricted to the analysis of metals and alloys, the sample for 
analysis is in the form of a hollow cylinder and this forms the 
cathode of a discharge in a rare gas, the pressure of the latter 
beingadjusted to permit formation of a hollow-cathode discharge. 
In effect then, the sputtering chamber is a hollow-cathode dis¬ 
charge tube which is used as an absorption cell. The impingement 
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of rare gas ions on the inside surface of the cathode results in 
cathodic sputtering of atoms from the cathode so that in the region 
enclosed by the cathode there is an appreciable concentration of 
metal atoms: the absorption of radiation by these atoms, which 
are predominantly neutral atoms in the ground state, forms the 
basis of the proposed method. 

Experiments to date have been mainly concerned with study¬ 
ing the factors which are important in controlling the sputtering 
phenomena, and in devising apparatus which will permit rapid 
conditioning of the tube. Using tank argon and a flow-through 
system it is now possible to obtain absorption measurements in 
less than two minutes, and my colleague Mr. J. V. Sullivan has 
recently obtained promising resviltsfor several series of alloys. 
Figures 3, 4, and 5 show typical calibration curves. Much work 
remains to be carried out before any assessment of this approach 
can be made but certainly it has many attractive features. The 
outstanding advantage over the flame is that the possibility of 
compound formation is largely obviated since, apart from im¬ 
purities in the argon and gases liberated from the cathode, the 
discharge is entirely in a rare gas. Thus the method offers 
promise of being applicable to a wide range of metallic elements, 
including those such as aluminium, silicon,etc., which cannot be 
detectedbyflame-absorption methods. Similarly, since compound 
formation is largely avoided there should be smaller effects due 



Figure 3. Calibration curve for the determination of phosphorus in 
copper by the cathodic sputtering methocT. 
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Figure 4. Calibration curve for the determination of silver in copper 
by the cathodic sputtering method. 



Figure 5. Calibration curves for the determination of silicon in aluminium 
and in steel by the cathodic sputtering method* 


ABSORPTION 
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to chemical interference. Other attractive features are the sta¬ 
bility of the system and theu.se of a large surface area of sample, 
thus minimizing problems due to segregation. It will also be of 
particular interest to determine whether the absorption by the 
hollow-cathode discharge is more independent of the effective 
temperature” of the discharge than the emission intensity. A 
further advantage over the flame is that the sputtering techniq^ue 
permits extension of the absorption method to the vacuum ultra¬ 
violet region. 


Apart fromits use as a purely analytical technique, absorp¬ 
tion measurements on vapours produced by cathodic sputtering 
have other important applications, and will obviously prove of 
great value in fundamental studies of the mechanism of sputtering 
since previously such studies have been handicapped by lack of 
a mettod for determining the concentration of sputtered atoms. 
Another possible application is in the determination of oscillator 
strengths, using cathodes made of binary alloys of known 
composition and determining the ratio of the oscillator strengths 
0 resonance lines of the two elements from absorption measure¬ 
ments on the sputtered vapour. My colleague Mr. J. V. Sullivan 
is exploring this possibility and in the first place is studying the 

composition of sputtered vapour and that 
of the binary alloy: other possibilities which suggest themselves 
are the use of a sputtering chamber as a substitute for a vacuum 
furnace in many investigations, and the extension of the sputter¬ 
ing technique to the analysis of solutions and liquids. 

i^other promising approach to the atomizing problem has 
recently been reported by L’vov [18], who vapourizes the sample 
compleMy in a graphite crucible operated in an atmosphere of 
argon. The substance to be analysed is placed, in solution form, 
onthe end of a carbon electrode, and then evaporated to dryness, 
rhe electrode is introduced into an opening in the electrically- 
heated crucMe, the electrode itself being heated by a D.C. arc. 
Because of the highly reducing conditions existing in the graphite 
crucible the partial pressures of O and OH which can exist are 
several orders lower than in a flame. Thus, even the most 

^ kylroxldes (LiOH, 
CSOH, :^OH, etc.) dissociate almost completely and there are 
no effects due to chemical interference. The absolute sensitivity 

elements studied lies in the range 
n f f .1 apparatus L'vov was able to carry 

out twenty determinations per hour. L’vov’s method is obviously 

fiid reports of its further development will be 
awaited with great interest. 

f furnace method is the work of the 

neral Electric Company in the United States, where Vidale [19] 
has used the atomic absorption method to measure the partial 
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pressures of metallic vapours above heated compounds of vari¬ 
ous types. From such measurements it has been possible to 
determine some of the thermo-dynamics of the volatilization 
process. 

The possibility of applying the atomic absorption method to 
isotopic analysis was pointed out several years ago [20] and re¬ 
cently Zaidel and Korrenoi [14] have successfully determined the 
isotopic concentration of lithium in solutions. Hollow-cathode dis¬ 
charge tubes containing the purest available lithium isotopes 
were used as sources and the sample atomized in an air-acetylene 
flame. The authors report an accuracy of 0.6% and an analysis 
time of 2-3 minutes. Other workers are investigating the possi¬ 
bility of applying similar methods to other isotopic analyses. 

Another aspect of atomic absorption research concerns the 
measurement of the profiles of the emission and absorption lines 
involved in the measurement. Recently G. R. Isaak [21], working 
in the Central Research ICIANZ Laboratories in Melbourne, has 
developed a method of profile measurement which involves 
Doppler or Zeeman scanning. Isaak has reported measurements 
for the sodium resonance lines and my colleague Dr. G. R. 
Hercus is now attempting to extend the method to other elements. 

On the purely instrumental side it is apparent that we can 
expect the development of improved hollow catiiode tubes, double¬ 
beam systems employing scale expansion, and instruments for 
the simultaneous determination of several elements. Much of 
this work will undoubtedly be carried out by the various instru¬ 
ment manufacturers who are now developing atomic absorption 
spec trophotomete r s. 

SUMMARY 

Atomic absorption measurements are now being applied to 
a wide range of analytical problems, using equipment which is 
simple and inexpensive, and many more applications can be 
expected in the near future. The outstanding problems at the 
present time are associated with the limitations of the flame as 
an atomizer and promising new approaches to this problem are 
now being investigated. In the near future it may be expected 
that the atomic absorption method will become of increasing 
value, not simply as a method of analysis, but as an important 
tool in many physical investigations such as basic studies of 
phenomena occurring in flames, electrical discharges and 
plasma. 


REFERENCES 


1. Allan, J. E., Spectrochim. Acta 18, 605, 1962. 



142 


2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 

17. 

18. 
19. 


20 . 

21 . 


SPECTROSCOPY 
David, D. J., Analyst 85, 779 (1960). 

trnnhnf J" Atomic Absorption Spec- 

trophotometry, Pergamon Press, London, 1961. ^ ^ 

m ami: Acta 17. 

Leithe, W., Angewandte Chemi'e 73, 488 (1961) 

Menzies, A. C., Anal. Chem. 32, 898 (1960) 

Laboratoriya i 830 (1961) 
Robinson, J W., Anal. Chem. 32, 17A (1960). 

(mi). ’ “ Spectroscopy, Vol. H, Interscience 

bS’ t' F ®P®^t^ochim. Acta 16,255 (1960). 

(1?59) ’ News No. 17 

^lan, J, E., Analyst 466 (1958). 

I&taSI ml’llgTS)!' Conference, 

am)“'‘ Optics and Spectroscopy, 

^lan, J. E., Spectrochim. Acta 15 800 tlO'iqi 

Russell, B. J. and Walsh, A., S^ec?ro^“L'Acta 15, 883 

(19*60)?^^^’ Walsh, A., Spectrochim Acta 16, 602 

Vidare ®Pft.^ochim. Acta 17, 761 (1961). 

Series Nos. R60SD330, 

SeSla “'PWP C»">P8uy: 

Walsh, A., Spectrochim. Acta 7, 108, 1955. 

Isaak, G. R., Nature 189. 373^ 1961. 



EXCITATION AND RELATED PHENOMENA IN FLAMES 


C. Tk. J. Alkemade 

Physics Laboratory of the State University 
Utrecht, Holland 


SECTION 1. INTRODUCTION 

The continuous search for new light-sources in spectroscopy 
which combine the reproducibility and stability of flames with 
the high temperature attained in arcs, has widely extended the 
concept of "flame.” We may mention, e.g., the attempts made 
with cyanogen-oxygen, cyanogen-ozone and hydrogen-fluorine 
gas-mixtures and the "microwave torch" (cf. for general review 
[16, 17, 22, 24, 25]). Also the "plasma-jet," emerging through 
a hole in the electrode of a pinched arc, is sometimes referred 
to as a flame because of its flame-like appearance. In our dis¬ 
cussion on flame excitation, however, we shall restrict ourselves 
to the usual "chemical" flames, such as, e.g., the H 2 - O 2 and 
C 2 il 2 -air flame, just because these flames are the usual ones in 
flame spectroscopy and because the excitation processes are 
better understood here. 

The main parameter controlling the flame emission is the 
temperature. It may then seem most natural to look for special 
combustion mixtures which may yield higher temperatures, when 
better excitation is wanted. However, the possibilities of obtain¬ 
ing higher temperatures by using special flames or excitation 
technic[ues was already amply discussed by Mavrodineanu at the 
Vm Colloquium Spectroscopicum in 1959 [cf. 25]. Here we shall 
only be concerned with the question of which factors control the 
emission intensity of metal spectra in a flame of normal com¬ 
position with given flame temperature. In particular, we shall 
discuss under what conditions the excitation in flames is ther¬ 
mal and which deviations from thermal excitation may occur. 
Of course, we are not only interested in the excitation of metal 
atoms to states of higher energy, but also in the probability that 
an excited atom actually emits a photon contributing to the flame 
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emission. Thus we shall also be concerned with the de-activation 
of excited atoms and with emission losses owine to self- 
ahsorption. 

For a more general treatment of excitation processes and 

reader may be referred to the literature 
[5, 8, 11, 12, 19, 20, 23, 26, 32, 36, 37]. 

SECTION 2. FLAME EQUILIBRIUM AND THERMAL 
RADIATION OF METAL SPECTRA 

Ametal atom emits a photon upon transition from an energy 
state Ei to a lower energy state Ej. The frequency (i^) of the 
spectml line emitted is determined by the energy balance: 
nv - Ei - E j (h = Planck's constant). The spectral line is a 
resonance line for transitions to the ground state with E ,• = 0, 
and we then have = Ej . The total amount of energy radi¬ 

ated per second (J) from a small volume (V) of the flame at fre¬ 
quency (i/) IS given by 

J = AN*Vhi^. (2.1) 

Here N* is the number of atoms (per unit volume) in the excited 
state and A is the Einstein transition probability per sec for the 

stimulated emission 
^ flames.) The volume V is chosen small enough 

i.e., all photons generated inside V 
will ^so leave it and thus contribute to its total radiation. 

In the above formula for the radiation flux, A and y are 
typical constants for the atom considered. However, the occu- 

excited energy state depends not 
SlYal structure, but also on the total number of 

metal atoms available and on the state of the flame gas In the 

b^a equilibrium this state is uniquely determined 

aLe ? wflf'■‘'f parameter, i.e., the absolute temper- 

ture, T. We then have for N according to statistical mechanics 

N* = N.^ie-EiAT . ,0 0, 


uZ^ f tn?! ®t^te per unit vol- 

alS "statistical weight factors" of the excited 

and ground state respectively; k is the Boltzmann constant. 

flux j Trorf r ^"^the radiation 

ux, J, from a (small) volume V, in the case of a resonance line 

J = AVNhiz-f^ . . 
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It should be emphasized that under conditions where self¬ 
absorption is negligible, this formula holds irrespective of the 
particular shape of the spectral line under consideration. So 
under these conditions, the radiation intensity (integrated over 
the total line-width) is not influenced by factors affecting the 
line shape (line-broadening by collisions, Doppler-width). 

The total radiational output flux of the whole flame may be 
obtained by dividing the flame into small sub-volumes and by 
applying (2.3) to each sub-volume separately. In the case of a 
resonance line we must in general allow for a loss-factor due 
to self-absorption. A photon emerging at some distance x from 
the flame surface (see Figure 1) will have some chance of being 
reabsorbed by other metal atoms in the ground state on its way 
to the surface. This chance depends not only on the distance x 
to be traversed, but also on the precise value of the frequency. 
Here the frequency distribution of the spectral line ('Tine-shape") 
enters essentially into the problem. 

In computing the spectral radiation intensity, I(i^), of the 
flame (i.e., radiation energy emitted per sec and per unit solid 
angle by a surface element of unit area in a unit frequency- 
interval) we shall follow the procedure outlined above for aflame 
with homogeneous composition and temperature; see Figure 1. 
Let aMdv be the probability that an emitted photon has a fre¬ 
quency between v and v + du. {a(v) represents the normalized 
shape of the spectral line when not distorted by self-absorption). 



Figure 1. A photon emerging at some distance, 
X, from the flame surface, has some chance of 
being re-absorbed before leaving the flame. 
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Let /3(y)-N-dx be the fractional energy loss owing to re¬ 
absorption when the light beam travels over a distance dx 
through the flame. The contribution to the spectral flame in¬ 
tensity I(i^) from an element Ax at distance x from the surface 
is now given by 


(AI), = 


Si 


N exp 




By integration over the flame-thickness, L, we find for I(i^) 


Uv) = exp 

O 0 




hp 

kT 


Aa(v) \iv 

^ii') 


4 ^ (l - exp NL]) . (2.4) 


The factor (1 - exp NL]) just equals the absorption factor, 

a(j/'), of the flame for the particular frequency considered. From 
the well-known relations in the Einstein theory of radiation fcf., 
e.g., 26] we find 


A'a{v) 2hu^ So 


4iT)3(i^)/hi^ ■ gj • 

Substituting this relation in Equation (2.4) we find: 


w 2hu^ 

I(!^) = ■ exp 


[- 


hz^ 

kTj 


a(v) = P(t') . a(v), (2.5) 


in which, according to Wien’s law, P(i^) represents the spectral 
radiation intensity emitted by a l 3 lack body at temperature T. 
Of course, this result could also have been obtained directly by 
making use of Kirchhoff's law. However, the derivation given 
here stresses the close connection between Equations (2.3) and 
( .5). Moreover, the general procedure followed above remains 
also valid in the non-equilibrium case, when, e.g., the number 
of excited atoms is not given by a Boltzmann factor. 

In flame photometry one is usually interested in the line 
intensity I integrated over the total spectral line width. We find 
from Equation (2.5) 


I = Jl{v)dv = p(v)a.{v)di/ = P(y^) ■ Ja(v)du. (2.6) 

In the frequency-interval of interest P(i-) is virtually constant 

equal to P(i'J with v the central frequency of the spectral 
line considered. -i j ^ 

We learn from Equations (2.5) and (2.6); 
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1. The intensity of the radiation emitted in a/ixerf, small 
freoLuency-interral Au around cannot grow indefinitely upon 
increasingthe salt-concentration (N) or the -width L of the flame; 
the maximum intensity to be expected amounts to: 

since a(i^) tends to unity as N • L tends to infinity. Yet the total, 
integrated flame intensity, I, as measured usually in fl^e pho¬ 
tometry, proves to increase indefinitely with increasing flame 
content (N/bT-laTv). Apparently, this should be explained by a 
broadening of the total line profile ra-ther than by an increase in 
central intensity. 

2. Asthe specific absorption coefficient i3(v) does not criti¬ 
cally depend on temperature, a(i^) wid likewise not depend criti¬ 
cally on T, if N and L are kept constant. It thus follows from 
Equation (2.6) that the dependence of the integrated intensity I 
on the temperature is governed by P(^'o) only, v/hich involves 
the Boltzmann factor exp [- hi^/kT]. 

So it appears that the dependence of flame emission on tem¬ 
perature is not much influenced by self-absorption. 

It is notour purpose,however, to discuss emission and self¬ 
absorption processes as such. We rather -wish to insist here on 
■the conditions under which the metal line emission may be’'ther¬ 
mal'' or not, -which will lead us naturally to a consideration of 
the specific excitation mechanisms. 

We may call the flame emission "thermal" when the actual 
occupational number of the exci-tation level is given by the Boltz¬ 
mann factor at flame temperature T tcf. Equation (2-2)J. The 
radiation flux from a small sub-volume of the flame is then 
given by Equation (2.3), which does not contain the specific 
mechanisms responsible for the excitation. This may lead to a 
paradox. Imagine, -we add purposely a molecular compound to 
the flame gas that iskno-wn to be very effective in exciting metal 
atoms upon collision. Undoubtedly, the rate of excitation (i.e., 
number of exci-tations per second and per metal atom) -will now 
be enhanced. But statistical mechanics still tells us that in 
equilibrium the number of atoms being in the excited state is 
invariably given by Equation (2.2). This paradox is to be ex¬ 
plained by -the fact that molecules-which are effective in produc¬ 
ing excited atoms upon collision (so-called collisions of the first 
kind), are also effective in de-activating these excited atoms 
again by collisions (so-called collisions of the second kind). 
The enhancing effect on the number of excited atoms ca-usedby 
the increased excitation rate just balances (in equilibrium) the 
depressing effect caused by -the increased de-activation rate. 
In statistical mechanics this result is more generally expressed 
hy the "principle of detailed balance" which, in turn, is based 
on the "principle of microscopic reversibility.” Detailed bal¬ 
ance states that in equilibritun the total number of atoms leaving 
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reacWon I’®'’any process (collision, chemical 

reaction, radiation,etc.), 3 ust equals the number arriving in that 

state per second by the exact reverse process. It is just this 
*11 'various excitation and de-activation proc- 
detailed balance, that guarantees 
population of SL excited 
mixture s^ec^J^•c composition of the flame gas- 

tho o+i+^ X ‘^®tailed balance is here operative only if 

the statistical distribution of all other forms of raergy of intL- 

temp^^Se t"" " Ma^ell-Boltamann law witf tae s2^e 

parameter. This implies that the energy 
should be equally partitioned among the various forms (or ”de- 

Sto oltr"’ ??‘r intha exclS^^ddl 

ener^fori^ . n possible values of 

^ange (e.g., the translational energy), 

aee specifically that the aver¬ 

age ^ount of energy per degree of freedom equals 1/2 kT. 

cent of ^ ^®al contradiction in the con- 

ooLible Radiation is just one of the 

SrnvS in which excited atoms are formed or de¬ 

stroyed. So the number of excited atoms equals its equilibrium 
value, ^ven by Equation (2.2), only if also this process of de¬ 
activation IS balanced by the reverse process of excitation bv 

denSta of'Z'?"H- >^111 aot exist uSfss tae 

rSSTd absorbed) in the flame has also 

n T: temperature. This re¬ 

tires that the flame should fully radiate as a "black-bodv" at 

=pec W tliJ 

Lwever inSconsidered is situated, 
measured should photometry the flame intensity 

ofe Ses fSS^mlf the metal concentration. 

X Equation (2.6) that this holds only if a.(v) which 

St IlSrJ “1 tds not yet 

*5 spertril range. TWe again 

^ ^ radiate as a black-bodv 

’Uermal radiation” then still have any 
conditions in flame photometry’ Yes it 

T "“t ‘lime molecules. ’ 
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however, be realized that at the very surface of the flame the 
radiation density equals at most half its black-body value (since 
the outgoing radiation is here not compensated by an incident 
radiation flux of equal strength from the surroundings). 

In usual flames burning at atmospheric pressure, the above 
condition is reasonably ■well fulfilled, so the concept of thermal 
radiation is meaningful here. Under special circumstances, 
however,this condition is not met as we shall show in Section 5. 

SECTION 3. DEVTA-TIONS FROM FLAME EQUILIBRIUM 

If all processes leading to excitation or de-activation of 
metal atoms would be perfectly equilibrated at flame tempera- 
tare T tliere would be xio problem leit—aad no possibilities oi 
enhajicing the metal excitation, at given flame temperature, 

Gither! 

Deviations from equilibrium, in fact, do exist, as is com¬ 
monly known, in the first reaction zone (inner cone), where the 
concept of temperature is even hardly applicable. But also in 
the burnt gas-mixture beyond this reaction zone (to he called 
here "flame -body"), less spectacular departures from thermo¬ 
dynamic equilibrium are found. 

Some of these deviations may have a bearing upon the ex¬ 
citation of metal spectra- We may distinguish between two kinds 
of deviations (which are in part mutually connected): 

(a) Deviation from general thermodynamic equilibrium occurs 
insofar as the "temperature" is locally different throughout the 

flame body. ... . t 

(b) At a given location in the flame the different forms oi 

energy are not equilibrated among each other. 

(a) Local differences in "temperature" may be expected, 
even in pre-mixed laminar flames, since the flame is not truly 
an adiabatic system and the supply of fuel and oxidant gas 
not be quite homogeneous. The flame gases radiate heat to the 
environment (mainly in the infra-red flame bands of CO 2 and 
HjO); entrainment of fresh air at the flame border may cause 
secondary combustion, but also cooling by convection. Because 
of these and similar effects a net transport of heat, radiation 
and mass occurs through the flame. Strictly speaking, there 
can be no question of general, thermodynamic equilibrium when 
net transport of energy and mass is found. However, if the rate 
of transport is comparatively slow with respect to the rate at 
which the energy is partitioned over its different forms, we still 
may speak of heal equilibrium characterized by a Ucal tem¬ 
perature r(x). The intensity of a spectral line emitted by the 
flame might be computed by the same procedure that has led 
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to Equation (2.6) in Section 2. We only have to replace in Equa¬ 
tion (2.4), etc., the uniform temperature T by r(x) as defined 
above. The effect of T(x) on the line-shape may here be neglected 
to a good approximation. The metal excitation may then again 
be described by an ’^effective" or ^^apparent^’ temperature, but 
this value is no longer independent of the metal concentration, 
line shape, etc. 

(b) In discussing the equilibration of the energy at a given 
locus over the various translational and internal degrees of free¬ 
dom and of the molecular dissociation and atomic ionization 
processes, we should realize that the flame gases travel up¬ 
wards from the reaction zone with considerable speeds of the 
order 1-10 m/s. In the reaction zone the chemical energy 
released is primarily carried off by direct reaction products or 
stabilizing reaction partners. Typical reaction products involve 
such unstable, highly excited radicals and ions as CH, C2, HCO"^, 
H3O , etc. By subsequent collisions this energy will be redis¬ 
tributed among the other species of the flame gases, and the un¬ 
stable products (ions and radicals) will disappear. The attain¬ 
ment of equilibrium always requires that the particles of the 
system have suffered a sufficient number of collisions with 
each other. In flames at atmospheric pressure aflame mole¬ 
cule mahes about 10 ^ collisions with the surrounding molecules 
in a time-interval of 1 millisecond. In this time-interval the 
flame gases travel over a distance of about 1-10 mm onwards 
from the reaction zone. We shall see now specifically to what 
extent equilibrium may be attained within this time-interval. 

The establishment of a Maxwell equilibrium distribution 
for the tvcLYLsldtioTKxl ciud vototiofidl energies of the flame mole¬ 
cules requires on the average but 1-10 collisions. It will be 
reached practically immediately. It should be noted in this 
connection that the masses of the relevant flame particles are 
of the same order of magnitude (electrons are of minor impor¬ 
tance; cf. below). Thus there is a ready exchange of kinetic 
energy between all species in the flame. 

Experiments with shock-tubes have shown that the equi- 
partition of energy over the vibTcitioudl degrees of freedom of 
the molecules is a noticeably slower process. For pure CO gas 
at atmospheric pressure and at 2,200 time-constants of the 
order of 150 /i second were reported [cf. 38, also 7, 13, 27]. How- 
ever, the presence of CO 2 and H2O molecules (which have 
shorter relaxation times) have proved to reduce the relaxation 
greatly. So a serious lag in the equipartition of the 
vibrational energy in flames is not to be expected. It may be 
oow ’ 7 ^ according to theoretical calculations [cf. 

f vibrational levels (-with energy » kT) are ’’warmed 

rp at the same rate as the lower levels (with energy « kT). So 
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the time-constants mentioned above are also a good measure 
for the attainment of equilibrium at the higher vibrational levels. 
This is of interest, since these levels may be of direct impor¬ 
tance in excitii^ metal atoms (cf. next section). 

The electronic excitation energy of flame molecules is not 
expected to be important in the excitation of metal spectra. 
ception should be made perhaps for the OH-radical, which is a 
stable compound under flame conditions. Its strong, slightly 
self-absorbed UV bands at 3064 A are a well-:too-wn feature of 
thebacliground flame spectrum. The way in which the electronic 
excitation of the OH-radical attains its equilibrium value in the 
course of time, t, is^illustrated in Figure 2a. Here the OH- 
emission at 3060-80 A is plotted as a function of distance from 
the first reaction zone in a pre-mixed cylindrical air-acetylene 
flame, shielded by a cold stream of pure Nj gas. This shield 
was necessary to avoid the formation of additional OH radicals 
by secondary combustion at the flame border. By measuring 
the (rather homogeneous) rise velocity of the flame gases, the 
distance scale could be converted into a time scale (see Figure 
2). The OH concentration in the ground state is also plotted in 
relative measure as a function of time after passing the reac¬ 
tion zone (see Figure 2b). The OH concentration could be derived 
from absorption measurements in which an auxiliary but similar 
flame was used as baclsground source also radiating the specific 
OH bands (see Figure 3). By using a synchronous measuring 
device with periodic light-chopper placed between both flames 
we achieved conditions such that the absorption measurements 
were not contaminated by the emission of the absorbing flame. 
The relation between absorption factor and OH contentwas cali¬ 
brated by allowii^ the light from the source flame to pass lx, 
2 x and 3x, respectively, through the (same) region of the anal¬ 
ysis flame. This was achieved by means of mirrors. From the 
dependence of OH concentration on distance to the reaction zone 
and from the flame temperature, which was also measured as a 
function of distance by reversal of the sodium D-lines (cf. Figure 
2c), the OH excitation was calculated if it were to be thermal 
(see dotted curve in Figure 2a, which was adjusted to the meas¬ 
ured excitation curve at great distance, where equilibrium is to 
be expected). Here it was assumed that reversal of the D-lines 
yields the true (translational) flame temperature. Allowance 
was made for the slight effect caused by self-absorption in the 
calculated excitation curve. These measurements were per¬ 
formed by Mr. P. Zeegers at our laboratory. 

It is seen by comparing the solid curve with the dotted curve 
in Figure 2a that supra-thermal OH radiation persists for some 
milliseconds beyond the reaction zone. With regard to the 
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Figure 2. The- relative OH-emlsslon measured at 3060-80 A is plotted in 
Figure 2a as a function of height, h, above the reaction zone, and of time, 
t, elapsed since the flame gases passed this zone. A pre-mlxed, shielded 
cylindrical air-acetylene flame was used. The dotted curve shows the (cal¬ 
culated) thermal OH-emission. In Figure 2b the (relative) concentration of 
OH-radicals in the ground state Is plotted as a function of h and t. Figure 
2c shows the variation of measured Na-reversal temperature with h and t. 


short radiative life-time (about 6.10“^seconds; ef. [2]) of the elec¬ 
tronic OH-level considered,this supra-thermal emission cannot 
be explained as a slow decay of excited OH radicals formed in 
excess in the reaction zone. We might rather suggest that ex- 
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Figure 3. Experimental arrangement for measuring the coricentrc^ionof OH- 
rodicals in the ground state. Fi = auxiliory background flame; C = periodic 
light-chopper; Fj = shielded analysis flame; M= monochromator; P = pho¬ 
totube; A= a.c. amplifier; G= synchronous meter. 


cited OH is formed in excess beyond the reaction zone as a sta¬ 
bilizing reaction partner in; 

H + OH (or H) t- OH -* HjO (or Hj) + OH* (3.1) 


if we assume that [H] and [OH] are in excess of their equilibrium 
value (cf. below). Indeed, we found [OH*] to be proportional to 

[H][OH]l . . , u 

This discussion of the formation of excited OH radicals by 

itself leads us to the question whether deviations from thermo¬ 
dynamic equilibrium are found with respect to molecular dis¬ 
sociation beyond the reaction zone. The general agreement 
found between calculated and theoretical flame temperatures 
justifies the assumption that the major constituents of the flame 
gases (such as CO 2 , H 2 O, O 2 , H 2 , etc.) are present in equilib¬ 
rium concentration in the flame. This does not hold, however, 
for the radicals formed in excess in the reaction zone, which 
recombine rather slowly to form stable molecules by ternary 
collision processes, such as [cf. 28]. 


H + H (or OH) +• M Ha (or H 2 O) ■(- M. 


(3.2) 


Here M is the stabilizing collision partner which carries off 
(part of) the energy released in this exothermic chemical reac¬ 
tion [cf. reaction (3.1)]. The decay of the nonequilibrium con- 
centrationof OH with distance from the reaction zone has already 
been shown in Figure 2b. It appears that often the H concentra¬ 
tion decays proportionally to the OH concentration, so that their 
ratio remains constant. This has been explained by a partial 
equilibrium brought about by the followii^ rapid binary reaction 
[cf. 28]: 


OH -I- Ha H +-H 2 O. 


(3.3) 


It is to be noted that the variable (minor) concentrations of H 
and OH do not really affect the concentrations of Ha and Ha , 
so actually [OH] [Ha]/[H] [H 2 O] is constant (at constant tem¬ 


perature). 
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The decay in excess H and OH concentration by (rather 
slow) recombination processes entails an initial rise in flame 
temperature as a function of distance from the reaction zone 
which is also seen from the temperature plot in Figure 2c. This 
rise in temperature may be explained by the energy released 
gradually when H and OH recombine to Hj and H 2 O. We found 
that the rise in temperature calculated from the experimental 
excess concentrations of H and OH agreed within 20 percent with 
the experimental value. 

F inall y we shall have to say a few words on the equilihra- 
tion of the ionization in the (pure) flame gases. Not only in the 
reaction zone, but also in the flame body (interconal gases) of 
hydrocarbon flames electrons and positive ions have been found 
in fairly high concentrations. It is reasonable to assume that 
these excess ionic species were formed originally in the reac¬ 
tion zone and that they decay rather slowly by recombination 
beyond this zone. But little is known with certainty about this 
excess ionization and the recombinations of these ions and elec¬ 
trons. It seems that the main ionic species are: HCO"*" and 
H 3 O'*", and that possibly H 3 O"'" may be formed from HCO'*' as fol¬ 
lows [cf. 6 ]: 

HCO"" + H 2 O — H 3 O+ + CO. 

The formation of HCO"*" seems to be essentially limited to 
carbon-hydrogen flames where CH radicals play an important 
role. This agrees with the observation that in H-flames ioniza¬ 
tion is only weak, unless additional acetylene gas is added to 
the hydrogen flame [cf. 30]. 

SECTION 4. MECHANISMS OF EXCITATION 
OF METAL SPECTRA 

Before we are able to understand the effect of these devia¬ 
tions on excitation, we first have to consider in detail the vari¬ 
ous mechanisms that lead to excitation. Again we shall mainly 
be concerned with the flame body beyond the reaction zone. 

All that will be said here on the excitation process is also 
applicable to the reverse process: the de-activation of the ex¬ 
cited metal atoms. Both are linked by the principle of micro¬ 
scopic reversibility (cf. also Section 2); one has just to reverse 
the argument. 

a. Non-elastic collisions. These may be distinguished as 
to the kind of collision partner or as to the form of energy that 
is consumed in the excitation process. 

Collisions with free electrons which are important in arcs, 
sparks, plasma-jets and gas-discharges in general, do not play 
an important role in the usual flames, beyond the reaction zone 
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Figure 4. Na-reversal temperature of a shielded air-acetylene flame as a 
function of the Na-concentration in the sprayed solution. 


at least. This may be readily deduced from the fact that the 
metal excitation is well in accordance with thermal equilibrium 
even under circumstances where the electron concentration, is 
as low as 10^® cm“^. At this low electron concentration a me¬ 
tal atom "Will have a probability of the order of one percent for 
meeting an electron during its travel over a distance of 1 cm 
from the reaction zone. Thus the'probability of excitation by 
electrons is definitely ruled out since, moreover, only a very 
snalL fraction of the electrons (havii^ thermal velocities) 

possess sufficient energy to excite the metal spectra. 

For illustration we show Figure 4 in which the sodium line 
reversal temperature is plotted, for a given flame, as a function 
of the sodium concentration. Care was taken to avoid sen- 
reversal of the spectral lines by sheathing the flame with a 
colorless flame mantle. One sees that the measured tenapera- 
tiires which are in fact a direct indication of the excitation of 
the sodium atoms, are virtually constant down to sodium con- 
centratioas as low as 40 ppm. The calculated free electron 
concentration at this Na concentration amounts to about 10 - 

10 n cncT^ (cf. above).* 

The most likely collision partners are the neutralmolec^es 
that form the major constituents of the fl^e gas-mature (N 2 , 
O 2 C02) H 2 O, etc.). The number of collisions with these mole¬ 
cules suff ered by an atom when it has 

from the reaction zone, is of the order 10 - 10 . This h g 
value seems promising for establishing an e^^ilil^rium pop^ 
tion of the excitation level. For example, one ealcidates from 
the Waxwell-Boltzmann distribution law 

10® colliding molecules has an energy of about 3 eV at a tem¬ 
perature of 2000 °IC. 


* These ‘m^J^^rements were performed by Mr. Snelleman at our later a- 
tory.who developeda sensitive photoelectric methodfor measurmgline- 
reversal temperatures [cf. 34]. 
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The interesting question now arises: whieh specific/orw 
of energy contained by the molecule is transferred to the ex¬ 
cited metal atom in the collision process? 

Conversion of translational energy of the colliding mole¬ 
cule into electronic energy of the metal atom is not a very prob¬ 
able process, even if the amount of energy available is sufficient. 
More generally, we may state that when electronic excitation 
results from a collision process of whatever kind, it wiU be the 
less probable the larger the amount of translational energy con¬ 
sumed in the excitation [cf. 26]. 

The clue to the problem of which other form of energy is 
then transferred to the excited species is found in the experi¬ 
ments on the reverse process, i.e., quenching of resonance- 
fluorescence by foreign gas molecules. In these ejqjeriments, 
e.g., sodium vapour is excited by absorption of radiation from a 
sodium discharge lamp. When the pressure is low, the excited 
Na atoms lose their energy again by emission of light of the 
same frequency (resonance-fluorescence). When foreign gases 
such as nitrogen and helium are added, part of the excited 
atoms are now de-activated upon collision and consequently the 
resonance-fluorescence is diminished, "quenched” [cf. 26]. It 
appears that molecules have in general a much greater quench¬ 
ing effect than noble gas atoms. In the case of N 2 or CO, which 
are hard to dissociate, the energy originally contained in the 
excited metal atom is undoubtedly transferred in the quenching 
collision to one of the internal degrees of freedom of the mole¬ 
cule. Inversely, we should now expect that molecules are much 
more effective in exciting metal atoms than are noble gas atoms, 
^d that in this excitation (part of) the internal molecular energy 
is transferred to the excited atom. 


Ih particular, the molecular vibrational energy should be 
readily tr^sferred since this transfer is not impeded by the 
conservation laws of linear or angular momentum. Moreover, 
these levels are usually rather closely spaced, so that one of 
these levels will be fairly close to the electronic level of the 
atonito be excited (quasi-resonance). The two No-vibrational 
levels that approach best the lowest excited Na level, have 
energy discrepancies of only +0.15 and -0.11 eV. 

b. Excitation by absorption of radiation. Of course, when 
excited metal atoms can be de-activated by emission of a pho¬ 
ton, then atoms inthe lower state can also be excited by absorp- 
tion of a photon. This is the very basis of the well-known self- 
abso^tionof resonance radiation. Inthe usual flames absorption 
IS not toe main process in maintaining the population 
may again be deduced from Figure 4 
which has already been shown in discussing excitation by 
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electrons. In fact, the line-revrersal temperature, which is a 
direct indication of the relative population of the excited level, 
remains unchanged when the metal concentration, and hence the 
radiation density, is reduced to low values. 

It should be noted that when metal vapor is irradiated hy a 
light-source with continuous spectrum, only those frequencies 
which correspond to possible transitions of the atom will be ef¬ 
fective in exciting it. 

c. Excitation caused by chemical Teactions. A third pos¬ 
sibility of exciting atoms is conversion of chemical energy into 
electronic excitation energy. Of course, all energy available 
in combustion flames ultimately stems from chemical energy 
released in the reaction zone. Here we consider only those proc¬ 
esses in which the excitation is accompanied by an exothermic 
chemical reaction in which chemical energy is directly or indi¬ 
rectly transferred to the excited atom. For simplification we 
distinguish between "one-step" and "two-step processes": 

I. One-step process 

a. M-i- A+B-»M' + AB; (K + H+HK* + H 2 ). 

b. M AB 4 - CD ^ M* 4 AC + BD; 

(Sn 4 CH 4 OH Sn* + H 2 4- CO). 

c. MA 4 B M* 4 AB; (SnO 4 C Sn* 4 CO). 


II. Two-step process 

fF 4-A 4 B ^ F* 4 AB |^N2 4 H 4- H N2% H2^ 
F* 4 M ^ F 4 - M* 


a. 


4 Na - N 2 4 Na 


'F+AB-hCDF* 4-AC-hBD/N 2 4 CH+O-^Na 4 CO 4 H' 


b. 


e. ■ 


F 4 M F 4-M 


N 2 4 Na -> N 2 4 Ha 


'AB4 CD-»AC* 4 BD /CH 4 O2 CO 4 OH 


AC* 4M-^AC 4M 


\OH 4 M — OH 4 M 


Here M denotes a metal atom; A, B, C, D and F denote a flame 
molecule or radical. The classification suggested here is only 
a practical one. We do not want to go into the theoretical details 
of the chemical reaction itself. A chemical reaction listed here 
as a one-step process could, in fact, involve more intermediate 
steps in which short-lived, unstable compounds are formed. 
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The examples given could he supplemented by numerous 
others of even more complicated nature; they may also involve 
ionic species such as H 30 ‘^. 

Reaction la. is a typical recombination reaction, which is 
in general exothermic. In the other reactions energy is set free 
by exchange of molecular fragments. In most reactions the 
metal atom is chemically not affected; it serves only as a sta¬ 
bilizing collision partner which carries away part of the energy 
released. In reactions of Type Ic., however, the excited metal 
atom emerges as a direct reaction product [cf. 15, 18]. This 
reaction may be important in those cases where the metal is 
mainly present as an oxide in the flame. In the two-step proc¬ 
ess Ha. and b. the chemical energy is transferred to the metal 
atom through an intermediate flame molecule (F) which acts as 
a stabilizing collision partner [cf. 3, ll]. In the two-step proc¬ 
ess lie. an excited flame molecule is formed by a chemical re¬ 
action [cf. 11]; it gives up its energy to the atom in the following 
collision process. 

Here we shall only make a few general remarks. Chemi¬ 
luminescence as such will be dealtwith briefly in the next Section. 

1, A first condition for the above reactions is that sufficient 
energy is set free to excite (and in case Ic. also to dissociate) 
the metal. A possible negative or positive discrepancy between 
excitation energy and available energy may be balanced prefer¬ 
ably by simultaneous vibrational transitions of the molecules 
involved. Conversion of translational energy seems to be less 
probable to balance the energy budget. 

2. There is, of course, also the law of conservation of linear 
momentum that should be obeyed in any chemical reaction. This 
conservation law might be of some interest, if the excess energy 
that is left after excitation of the metal atom, is converted mainly 
into translational energy of the reaction products. In the case 
of binary reactions resulting in an excited metal atom (such as 
Ic) the conservation laws of energy and linear momentum deter¬ 
mine which fraction of the excess energy (Q) is imparted to each 
of the reaction products including the excited atom. The excited 
metal atom will accordingly fly away with an extra velocity and 
the spectral line emitted subsequently will have an extra Doppler 
broadening. Of course, infull thermodynamic equilibrium, where 
also the binary reaction under discussion is equilibrated, the 
Doppler broadening of the spectral line emitted in total by the 
flame must again equal its equilibrium value and is not affected 
by such processes. But if there is no equilibrium and if we are 
dealmg with chemiluminescence radiation following reactions of 
type Ic., it can be shown that the Doppler width of the chemi¬ 
luminescent line exceeds its thermal equilibrium value by a factor 
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1 + 


1+6 


■ 3 . 

Q„ 


1/2 


(cf. Appendix). Here 6 = mass ratio of the molecular reaction 
product (e.g., CO) and the excited metal atom, and = 3/2 k - T 
= eq.uipartitloa value of the mean translational energy. 

3. There is also a conservation law for the ^in angular 
monnentim that should be obeyed in chemical reactions. This 
lavf, better know as ’’Wigner’s spin-conservation rule,” states 
that in molecular collisions the multiplicity of the system as a 
whole should be the same before and after the collision (or re¬ 
action) has taken place. In other words: a reaction which is 
energetically allowed will preferentially proceed in such way 
that the spin vector sum of the reactants equals that of the prod¬ 
ucts [cf. 20]. It is not a quite rigorous rule, however. 

4. It might be interesting to compare a priori the proba¬ 
bility of one-step process la. or b. with that of two-step proc¬ 
ess Ea. or b. The final outcome of both processes, in which the 
metal atom M and the intermediate flame molecule F, respec¬ 
tively, act as a stabilizing collision partner, is the same. The 
second process, however, requires two subsequent collisions 
and might seem therefore to be less probable a priori. 

Let us suppose, for lack of more specific information, that 
the probability of reaction la. and that of the first reaction of 
Ila. are in the proportion of the ratio, x, of the metal concentra¬ 
tion to the concentration of F. We suppose that F is the major 
constituent of the flame gases and we put its concentration equal 
to unity. We also assume that the probability of molecule F to 
collide with another molecxile is 1/x times as large as the prob¬ 
ability that it collides with a metal atom. If now flame molecule 
F would lose its excitation energy acquired in the chemical re- 
actiott upon the first collision with another flame molecule, then 
the freq.uency of process Ha. would equal 1/x • x • times 

that of the first process. Here V is the yield factor describing 
the probability that an excited F molecule actually excites ihe 
metal atom upon colliding with it. tj may be of the order unity 
for the sodium D-douhlet in nitrogen (cf. Section 5). However, 
when an excited F molecule is able to maintain its excitation 
energy on the average during n successive collisions with other 
molecules, the relative frequency of the two-step process may 
be raised by the same factor, so that it will now amount to: n- rj, 
which may exceed unity. In the case that F is vibrationally ex¬ 
cited, the "persistence factor" n might be considerable. This 
may be concluded from what has been said already about the 
long relaxation time of the equilibration of the vibrational 
energies (cf. Section 3). So under suitable circumstances the 
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two-step process Ila. may be definitely more probable than the 
direct excitation process la., since the intermediate flame mol¬ 
ecule may function as a depository of energy for some time. 

SECTION 5. NON-THERMAL RADIATION 
OF METAL SPECTRA 

Our insight into the deviations from flame equilibrium and 
into the excitation mechanisms now permits us to investigate 
more closely how these deviations result in non-thermal radia¬ 
tion of metal lines. We shall be mainly concerned with three 
kinds of non-thermal metal emission: 

(i) infra-thermal emission caused by radiative disequilibrium, 

(ii) supra-thermal fluorescent radiation, 

(iii) supra-thermal chemilxuninescent radiation. 

(i) Infra-thermal metal emission- caused hy radiative dis¬ 
equilibrium occmrs when the population of the excited level is 
below the equilibrium population owing to a deficiency of radi¬ 
ative excitation. It has been argued in Section 2 that a deficiency 
of radiative excitation (i.e., excitation by absorption of photons 
from the surrounding radiation field) exists when the radiation 
density in the flame is lower than that of a black-body at flame 
temperature. We shall consider here more quantitatively the 
deviation from thermal radiation to be expected on account of 
this effect. 

Let us suppose we are working under conditions such that 
the radiation density is, virtually, zero (low metal concentration) 
and that excitation occurs mainly through collisions of the first 
kind, with rate constant ki. The number of excitations per sec¬ 
ond and per cm^ thus equals N*ki, where N is the number of 
metal atoms in the ground-state per cm^. We have the balance 
equation: 


Nkj = N*(k_i 4- A). 


(5.1) 


Here N* is the number of excited atoms per cubic cm and k -1 
and A are the rate constants for de-activation by collisions of 
the second kindand byphoton emission, respectively. Inthe case 
that photon emission is a very improbable process (A « k_i), 
N* approaches its equilibrium value (N*)eq. determined by 


Nki = (N*)eq. k_i. (5.2) 

In the general case we have, however, from (5.1) and (5.2) 

J?* _ 1 „ .. A 


(N’) 


= 1 - p with p 5 


eq. 


k-l + A 


(5-3) 
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Which shows that the deviation from thermal metal emission is 
governed by the ratio p. When the metal concentration, and hence 
the radiation density in the flame, is increased, the deviation 

will be smaller (cf. Section 2). 

The value of p can he measured in actual flames by means 
of resonance fluorescence [cf. l]. The flame containing, e.g., 
sodium vapor is irradiated by a sodium discharge lamp ys®® 
Figure 5). Part of the incident light-beam is absorbed in the 
flame in raising metal atom s from the ground state to the first 
excited state. The excited atoms have a relative probability * p 
of losing their excitation energy by re-emitting a photon. We 
may therefore call p the yield factor of resonance fluorescence. 
This yield factor can be determined by measuring the ratio^ of 
the total flux of the fluorescent radiation to the primary radia¬ 
tion flux that is absorbed in the flame. In our experiment the 
fluorescent radiation could be distinguished from toe stroi^, 
constant sodium-radiation that was thermally excited in toe 
flame, by using an a.c. measuring device with periodic light- 
chopper placed between lamp and flame (see Figure 5). Dis¬ 
turbing effects owing to self-absorption or scattering of radia¬ 
tion could be easily allowed for. Table 1 lists toe yield factors 
as measured by Mr. Hooymayers at our laboratory for various 
flames at atmo^heric pressure. 

It is clearly seen that replacing the molecular gas by a 
gas as diluent considerably enhances the yield factor. This 
confirms what has been said in Section 4 about toe efficiency o 
noble gas atoms as compared with molecules in de-activating 
(and exciting) metal atoms. From this Table the quenching 
cross sections for Na of toe major molecular constituents in 

Table 1 


Tield Factor, p, of Eesonance Fluorescence for Na-D Doublet 


Supply Gases 

Composition of 
Flame Gases (in %) 

Flame 

Temperature 

p-Factor 
(in %) 

Ha, O 2 , CO 2 

48 H 2 O, 51 CO 2 , 

2030‘’K 

2.5 ± 0.1 

Ha, O 2 , Na 

38 H 2 O, 61 N 2 , ... 

2100 

5.8 ± 0.2 

Ha, O 2 , Ar 

33 H 2 O, 66 Ar, ... 

2100 

26 i 1 

C 3 H 8 , air 

— 

2100 

3.6 ± 0.2 

C 3 H 8 , O 2 , Ar 

— 

2000 

10 ± 0.5 

C 3 H 8 , O 2 , Ar 

— 

2100* 

10 ± 0.5 

C 3 H 8 , O 2 , CO 2 

— 

2000 

1.7 ± 0.1 


^Temperature raised by electrical heating of burner. 
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Figure 6. Na-reversal temperature of a shielded, pre-mixed hydrogen- 
oxygeri-argon flame as a function of the Na-concentration in the sprayed 
solution. 


the flame gases cam be derived, if oue supposes, a.pproxmately, 
that argon has practically no quenching effect. For N 2 , tAta 

and E2O one finds the following quenching cross sections for Na. 
^2 ^20 X 10 - 1 ®, 70 xlO-i® and 7 x lO""® cm^ respectively. 
The values for Nj and CO2 appear to exceed noticeably the ga^ 
kinetic cross section, so the exch^ge 

between sodium atoms and these molecules is an easy process. 

tt followrthat in usual flames with mainly molecidar con¬ 
stituents the deviation from thermal radiation, at least for so- 
SmT, will be negligible [cf. form. (5.3)]. However in the 
hvdroeen-argon flame this deviation may be as large as 26 per 
SS rtte?5 eqai™lai>t to a decrease In "excitation temper- 
hire’’ of 41 °C. This has been confirmed hy a photoelectric 
measurement of the Na-reversal temperature in a shielded, 
Si:e-m£d Ho - O 2 - Ar flame as function of Na concentration 
sprayed into the flame (see Figure 6). The 

measured with low Na concentration appeared to be 27 C lower 
than that with high concentration. It should 

concentrations the ^^^diation intensity approaches tte blaek^^^^ 

value closely in the interior part of the flame. At the very flame 
surface, however, it will never exceed half the black-body value 

(cf. Section 2). 

(ii) Supra-thermal fluorescent radiation of metal atoms 
niav he generated when the flame containing metal vapor is 1 :^ 
a stroag light source etaitting 
(cf. above). A hollow-cathode discharge lamp containing 
metal wanted, as used in absorption flame 

suitable for that purpose. The metal atoms m the flame will 
partly absorb the resonance lines of the incident radiation., and 
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a fraction, p, of the absorbed photons will be re-emitted, if we 
disregard self-absorption. The fluorescent light is specific for 
the element tested. Spectral interference from backgrotmd 
radiation or neighbouring metal lines can be eliminated by usii^ 
an a.c. method (cf. above). 

A few attempts have been made to try this method. Robinson 
[rf. 31] found a moderate effect with Mg 2852 A only, and not 
with Na or Ni. In our experiment described above we did find 
fluorescent radiation from Na with the aid of an a.c. measuring 
device. It should be realized that in our flame with argon gas 
the fluorescent radiation amounted to but 0.6 percent of the ther¬ 
mal Na radiation. However, with metal lines from higher exci¬ 
tation levels better results should be ejq)ected. 

For a given flame and metal line the flux, Wf, of the fluo¬ 
rescent radiation received by the detector, at low metal concen¬ 
tration (no self-absorption), is given by 

Wf = constant • NBIp • Op- • p. (5.4) 

Here N is again the number of metal atoms per unit volume in 
the flame; (BIp Op) is the probability per sec that a metal atom 
in the ground state, exposed to primary radiation with intensity 
Ip incident under solid angle S2p, will absorb a photon; is the 
solid angle under which the flame "sees" the detector. 

Since the fluorescence radiation should be observed in a 
direction outside the solid ai^le occupied by the incident primary 
radiation, optimum conditions are obtained when Op = !i2f = 27 r 
sterad. It may be interesting now to compare the sensitivity of 
the fluorescence method and the usual flame absorption method, 
which have so many features in common. Therefore, we con¬ 
sider the flux, Wg, of the radiation that is absorbed by the metal 
v^or in the flame (at low metal concentration), 

Wg = constant • NBIp Op (5.5) 

with the same constant as in Equation (5.4). We assume that all 
transmitted radiation is received by the detector. Here optimum 
conditions occur when S2p = 2v. The sensitivity of both methods 
may be compared by considering the ratio (Wf /Wa)^ ^ under 
optimum conditions. From Equations (5.4) and (5.5) it’follows 
tiiat (Wf/Wa)^p^ = 1/2 p, which equals 0.13 for the Na doublet 
in the hydrogen-argon flame considered above. It might be in¬ 
teresting to investigate the value of 1/2 p for other metal lines 
in flames with a noble gas as diluent. 

A characteristic difference between the two methods is that 
with the fluorescence method the detector receives only (non- 
modulated) weak background radiation from the flame when no 
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metal is present. With the other method, hoAvever, tte detector 
then receives the full (modulated) radiation from the hollow- 
cathode lamp, which should be compensated. This difference 
may Toe sigaificant wkea the detection limit is determined by 
fluctuations in the compensating device, or by shot noise in the 

(strong) lamp radiation. ^ x- s: 

(iii) Swpra -thermal chemiluminesceni radzatton of metal 

atoms occurs when the rate of excitation by chemical reactions 
exceeisth^ rate of de-activation by the reverse reaction I 
should he realized that chemical excitation as such does not 
necessarily involve supra-thermal chemiluminescence; it may 
occur only if the chemical reaction is not equilibrated. This 
condition will be realized when the concentration of the react^ts 
of the excitation reaction exceeds the thermodyi^mic eqinlibri^ 
concentration. Since most of 

are more or less unstable, short-lived radicals, it may be ex 
peeted that chemiluminescence will be foundmainly m the reac¬ 
tion zone, where these radicals are formed in excess, or at a 
short distance beyond this zone. We shall discuss here brie y 
only two typical examples of chemiluminescent reactions. 

Padley and Sugden[cf. 29] found chemiluminescent radiation 
at a short distance above the reaction zone with Na, Tl, Fe, etc., 
in cool hydrogen-air flames, which they explained by reactions 
of the type (cf. Section 4) 

H + H + Na H, + Na*. 



Figure?'. Supra-thermal emission of blue K-doublet in air-acetylene flame 
is shown as a function of height, h, and tiinvc, K 
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Hydrogen radicals were found, indeed, in excess above the re¬ 
action zone, whereas hydrogen molecules are present, virtually, 
in equilibrium concentration (cf. Section 3). This excitation re¬ 
action has been known for long time and energy surfaces have 
even been constructed for the H - H - Na complex in its various 
excitation states [cf. 21]. The chemiluminescent radiation was 
nwre pronounced with elements having higher excitation levels. 
This is clearly due to the masking effect caused by thermal 
radiation, which will be weaker for elements with higjier exci¬ 
tation levels (and m cooler flames). Mr. Zeegers of our labo¬ 
ratory has found similar chemiluminescent radiation also in the 
hotter acetylene-air flame with the blue K doublet at 4040 A. In 
Figure 7 the suprathermal emission of this K doublet is plotted 
as a function of distance from the reaction zone. 

• v? explanation of these chemiluminescence effects we 
might propose the two-step excitation process 


rH+ H + Na -Ha + Na 
Na + Na —> Na + Na* 


as another possibility besides the one-step process already 
men loned. The a priori probabilities of both processes have 
been compared in Section 4. 

Recently Si^den [cf. 35] reported that chemiluminescent 
PD emission may also occur when one of the H radicals in the 

fJTf reaction is replaced by a halogen atom, which leads 
to the formation of halogen acids. 

A more powerful and promisii^ method of enhancing the 
me emmsion by making use of the chemiluminescence effect, 
has recently attracted considerable attention [cf. 9]. It has ap¬ 
peared that adding hydrocarbon compounds to a hydrogen-air 

certain u.v. metal lines in the reac- 
^n zone. The hydrocarbon compound may be added either by 

additionally supplying acet- 
in dTc,w«nJ^f restricted to the reaction zone, 

will bP , described above. As this topic 

f.ii . dealt with extensively by more competent authors in the 

herrto the discussSn 

nere to only a few remarks. 

lumines^pp^Iw^ a reaction is proposed to eiqilain these chemi- 
meTe? determined that the excitation 

reaction ’ ^ the de-activation rate of the reverse 

replfce^eT"^I!!?iJ!!‘^®K^ emission may be enhanced when we 
P > .g., nitrogen by a noble gas as diluent, since noble 
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gases have a smaller quenching effect than molecular gases 
[cf. 18]. However, if the chemiluminescent reaction proceeds 
by a two-step process, involving nitrogen as the intermediate 
molecule, this replacement might not always be advantageous. 

3. Let us siq)pose that the remaining part of the chemical 
energy that is not consumed in the metal excitation is converted 
into translational energy of the reaction products including the 
excited metal atom. The chemiluminescent spectral line will 
then have an extra Doppler broadening, as was shown in Sec¬ 
tion 4. This may affect the shape of the curve of growth (work¬ 
ing curve), which depends on the Doppler width if self-absoiption 
occurs. It has been suggested by Sternberg and Gilbert [cf. 15, 
18] that the chemiluminescent reaction could be of the type 
SnO + C Sn* +• CO. Application of the formula given in Sec¬ 
tion 4 yields in that case the following results for the ratio of 
the Doppler width of the chemiluminescent line to the Doppler 
width in thermal equilibrium: Sn (2863 A) : 1.3 x; Bi (3068 A) : 
1.5 x; Sb (2311 X) : 1.5 x; Cr (2366 A.) : 1.7 x. The calculated 
values surest that one should be careful in interpreting the 
working curve of chemiluminescent resonance lines. Of course, 
the derived results hold only if the excited metal atom emits a 
photon before colliding with other molecules. 

4. If the chemiluminescent reaction proceeded as proposed 
above sub 3, it might give emission flame photometry an advan¬ 
tage over absorption flame photometry in the detection of metals 
that are present in the flame only as oxides. 

I may conclude therefore, more generally, by expressing 
the hope that the exploration of the possibilities of the various 
excitation mechanisms in the flame will support emission flame 
photometry in its rivalry with absorption flame photometry. It 
is not that we envy the latter method its undeniable successes, 
but honest competition between these methods will yield maxi¬ 
mum profit for the analyst. 

APPENDIX: CALCULATION OF DOPPLER-WIDTH 
OF CHEMILUMINESCENT SPECTRAL LINES 


Assume there are two reaction products, an excited metal 
atom with mass = m^, and a flame molecule with mass — m 2 . 
In the coordinate, system of the center of gravity they have ve¬ 
locities vl and V 2 respectively. We have from the conservation 
laws of linear momentum and energy 


m^ v] = mj Vj and ^ m^ v[^ + ^ m 2 vi - Q + q^ 


with Q = energy released by the reaction and available for trans¬ 
lational motion; qo = total translational energy of the reactants 
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(before the reaction) considered in the coordinate system of the 
center of gravity. Combining both equations one finds 

i mj = (Q + q^) 6/(1 + 6) with 6 = mj/m^ . 

Or, after averaging over a large number of similar reactions 

mivl^> = (Q + Qo) 6/(1 + 6) 

with Qo - <qo> = 3/2 kT, according to the equipartition law. 
Considering now the velocity, v^, of mass m^ in a coordinate 
system at rest, we have 

<vj > = <v’2>+ <v^ > 

with Vo = velocity of center of gravity. 

It follows that 

<1 mi V? > = <i mi vi^> + <^ mi v^ > = (Q + Q^,) 6/(1 + 6) + 


+ Qo/(^ + “ Qo Q ■ > 

since <1/2 (mi + m2)Vo > = Qo, again according to the equi¬ 
partition law. 

The Doppler width of the emitted spectral line is propor¬ 
tional to ( <Vj >) ^. Consequently the ratio of the Doppler 
width of the chemiluminescent spectral line to the Doppler 
width of the same line under thermal equilibrimn conditions is 
equal to 



1+6 


> 


since in thermal equilibrium <1/2 miv? > = Qq. 


SUMMARY 


A discussionis given of the processesthat lead to excitation 
of metal atoms in conventional "chemical" flames. First the 
case of thermodynamic equilibrium is considered, and the influ¬ 
ence of flame temperature on the excitation of metal spectra is 
pointed out. The concept of "thermal radiation" is critically 
examined. Possible deviations from flame equilibrium caused 
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by relaxa.tion effects in the equipartition of energy and by slow 
recombin-ation of free radicals are treated nert. This discus¬ 
sion is followed by an exposition of the specific mechanisms 
through which metal atoms may be excited and de-acti-vated re¬ 
spectively. Finally three types of non-thermal radiation of me^ 
spectra, viz., infra-thermal emission owing to radiahve dis- 
©quilibriuni, supra.-tlieriiia.1 fltioresc6iit radiation and supra 
thermal chemiluminescent radiation, are considered. In pa.r- 
ticolar, attention is paid to the applicability of the fluorescent 
method in flame photometry. 
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CHE/WILUAAINISCENT FLA/WE SPECTROPHOTOMETRY 


Paul T. Gilbert, Jr. 
Beckman Instruments, Inc. 
Fullerton, California, U.S.A. 


INTRODUCTION 

The present study commenced with the accidental observa¬ 
tion that tin in isopropanol, sprayed into an air-hydrogen 
atomizer-burner flame, emits a rich line spectrum of surprising 
intensity, extending at least to 2100 A. Some of the lines are 1000 
times as intense as they would be if they were excited taermally 
and if the tin were present entirely as atomic vapor; but if tin 
and its oxide, SnO, were in chemical equilibrium, only 0.01/o oi 
the SnO would be dissociated. The anomaly thus runs to 7 orders 
of magnitude. Clearly it is a very helpful anomaly from the view¬ 
point of the spectrochemist. * + 

Several other elements behave similarly. Only a start 1ms 
been made in exploring applications of the phenomenon. It begins 
to look as if chemiluminescence and the associated phenomenon 
of dissociation of stable oxides in the incandescent acetylene 
flame will make possible the determination of nearly all the 
chemical elements by flame spectrophotometry with high speci¬ 
ficity ard good sensitivity. The field now offers opportunity for 
a great range of spectroanalytical development. 


Earlier Work 

Observations of probably chemiluminescent emission in tae 
reaction zones of various flames have been recorded by Lunde- 
gardhfor As, Sb, Bi, Sn, Cd, Au, and Pt [52,53], Alekseeva and 
Mandel’shtam for As, Bi, Sn, and Cd [1,2], Gaydon and Wolf hard 
for Ee [33-35; 38, p. 233] and Pb [29; 38, Plate 17], Broida for 
Hg [8], Broida and Shuler for Fe [9,10], Egerton and Rudrakan- 
chana for Zn, Cd, and Hg [23], Mavrodineanu for Mg, Zn, Sn, Mo, 
Fe, and Cr [54-56], Padley and Sugden for Na [59,60], King tor 
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Fe [49], and Bugrim et al. for Mg [14], Gaydon observed it also 
in flames of organic compounds supported by free atoms or 
radicals [31,36,37], and he discussed the phenomenon in his 
book [32, pp. 139, 200]. 

In 1952 I examined the emission of Zn, Cd, Hg, and Bi in the 
inner cone of an oxyacetylene flame from an atomizer-burner. 
Only Hg 2537 showed a useful enhancement, while Bi 3068 ap¬ 
peared in absorption against the OH bands [41-43,47]. 

The only analytical application of chemiluminescent flame 
emission reported t^) to the start of the present work is that of 
Honma and Smith [48], who determined nitrogen by the CN 
emission from the inner cone of an air-gas flame bxirning in a 
Smithells flame separator. 

The related phenomenon of enhancement in a fuel-rich, 
highly reducing flame was firstput to use byKnutsonfor Mg[50]. 
Robinson [62] noticed a similar effect with Fe in the oxycyanogen 
flame. In absorption flame photometry the corresponding effect 
was first observed by Allan for Mg [4]. It was reported by David 
for Mo [ 19,20], Gatehouse and Willis for Mo and Sn[28],and Allan 
for Mo, Sn, Cr, and Ru [5]. 

Current Work 

Buell's early data on Mo, N, and Zn were included in our 
tables of flame spectra [42,43,47]. Working chiefly with naphtha 
solutions and oxyhydrogen, he has studied chemiluminescence of 
Mg, Ca, Sr, Ba, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ag, Cd, B, Al, Si, 
Sn,Pb,and P. A few of thesedata appear in his recent paper [12]; 
the bulk of his work on chemiluminescence [13] may be published 
soon. The thesis by Carnes [ 16] reports useful chemiluminescence 
of Zn, Cd, Hg, As, Sb, Bi, Sn, and Pt in hexone solution in the 
inner cone of oxyacetylene. The work is being published by Dean 
and Carnes [l7,2l]. The paper by Gibson, Grossman, and 
Cooke [40], an extension of earlier work by Gibson and Cooke [39], 
is a study of excitation in atomizer-burner flames, confirming 
the chemiluminescence of tin. 

The first practical application of the present work has been 
published by Schmidt [63]. He determined tin in plastic stabiliz¬ 
ers, usii^ toluene-butanol solutions and air-hydrogen. The line 
at 2706 A gives a straight working curve, with negligible back¬ 
ground and no interferences. 

Fassel, Curry, Myers, andKniseley [25] report extraordinary 
enhancements of the line ^ectra of Ti, Th, V, Nb, Ta, Mo, W, 
U, Re, and the rare earths in the fuel-rich oxyacetylene flame 
with ethanol as solvent. The rare-earth data are being published 
by Fassel, Cxirry and Kniseley [24]. According to Curry [18], 
the thesis of R. B. Myers will report the flame spectra of the 
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Other elements, inclading Ir. It is curious that enlancement 
in incandescent flames has been <i\scavered independently at leas^ 

5 times-by Knutson for Mg [50], Mian for Mg [41, David for 
Mo [19], Curry for Lu [18], and the writer for Si. 

APPARATUS 

The apparatus included a Beckman DU spectrophotometer 
mth flame attachment, uncoated mirror for the burner housing 
(the standard mirror is now coated with hardma^esiumtluomde 
and is usable throughout the entire wavelength 1P28 

photomultiplier, electronic power supply (Cat. No. 23700 , w^e- 
length drive, energy recording attachment, and Bristol 
0 4-sec. strip-chart recorder. A special gas handhng sys 
provided complete flexibility in supplying gas 
atomizer-burner. For most of the ” 

a standard-bore hydrogen atomizer-burner (Cat. No. 4020) was 

used;, other burners with a wide range of dimensions were also 
tested. 

Burner Sheath 

For producing some of the spectra, the burner shea^ re¬ 
cently developed [6,44] was used. With the air-hydrogen flame, 
to which it supplied auxiliary air, the prmcipal function of the 
sheath was to stabilize the flame when high concentrations of 
alcohol were used. With the other flames S 

same oxidant mixture as was fed to tte atomizer. Sheatoed 
oxyacetyleneproved to he extraordinarily steady. 
rich flame, which is less steady than the normal oxyacetylene 
flame showed peah-to-peak flicker with the sheath as low as 
0.3?oat a time constant below 0.2 sec. A 4020 bmmer with narrow 
fuel port (0.25 mm.) is required for best performance with 
sheathed oxyacetylene. 

Sample Pump 

The burner housing was equipped with a special gas-p^ton 
sampUpump [41,p. 88]. TMsppmp permits “1 

lion, Independently of atomizer pressnie. For 
however, the sample was allowed to spray without constraint, 
since trials with the pump showed that the standard burner pro¬ 
vided a nearly optimal flow rate without assistance. 

The Flame 

The reaction zone of the flame from ^ 
rather diffuse. In normal oxyacetylene it is fairly sharply 
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localized justabove the burner tip, but in air-hydrogen it extends 
over a heightof 2 cm. or more. Sincethe gases are notpremixed, 
they can react only as they diffuse into each other. Emerging at 
transonic speeds and disrupting the liquid as it goes, the atomizer 
gas generates extreme turbulence and at the same time entrains 
copious amounts of the ambient air. The entrained air penetrates 
to the core of the flame about 2 cm. above the burner, unless the 
sheath is present. Consequently, the chemiluminescence, which 
normally occurs only in the thin reaction zone of a laminar, pre¬ 
mixed flame, is spread over a large region of the air-hydrogen 
flame from an atomizer-burner. In the presence of a carbon- 
hydrogen compound the reaction zone is made visible by the light 
blue color due to CH and Cj bands. The zone gradually shrinks 
as oxygen is added to the air. 

The best air pressure was usxially about 20 p.s.i., and the 
hydrogen flow was optimized for each element. 

Entrance Optics 

The maimer of viewiig the flame is governed by the diagonal 
slit mirror of the spectrophotometer and concave mirror of the 
burner housing. If the entrance beam is made to bypass the 
flame [6], so that the spectrophotometer views the flame only via 
the concave mirror, which selects an area about 6 mm. high and 
2 mm. wide, slightly higher ratios of net line emission to back¬ 
ground can be achieved. This is advantageous with rich oxyacet- 
ylene, since its great brightness permits use of the limiting 
resolution of the monochromator. With air-hydrogen, however, 
the wider slit required for equal shot-noise contribution out¬ 
weighs the gain in line-to-background ratio realized with the by¬ 
passed beam. 

THE CHEMILUMINESCENT SPECTRA 
Air-Hydrogen 

The chemiluminescent spectra observed in aqueous- 
isopropanol solutions in the air-hydrogen flame are listed in 
Tables 1 and 2. The relative intensities in Table 1 represent the 
net line emission above background, and are so defined that the 
intensity equals 1 when 1 mg./l. of element gives a signal equal 
to that from a continuum of 4 x 10~^^w./cm? sr.m/i (sr. = 
steradian) at 450 mp, as seen by the DU spectrophotometer with 
a spectral slit width equivalent to 0.03 mm. (which is essentially 
the limiting resolution of the instrument) for both line and con¬ 
tinuum. The band intensities in Table 2 are on an arbitrary 
scale and are intercomparable for a slit of 0.14 mm., but should 
not be compared with the line intensities of Table 1. 
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Table L 


R elative Inteasities of Lines In C hemiluminescent 
Spectra la Air-Hydrogen with Alcohol 


CHROMIUM 


2913.2 



2981.4 

2364.7 1 


2983.6 

2365.9 > 

2 

2994.4 

2366.8 J 


3001.0 


iron nickel 


2166.8 

1 

2290.0 

2178.1 

1 

2300.8 

2186.5 

1 

2311.0 

2191.8 

0.4 

2312.3 

2200.4 

1 

2314.0 

2292.5 

1 

2317.2 

2297.8 

3 

2320.0 

2299.2 

1 

2321.4 

2373.6 

1 

2325.8 

2467.6 

2 

2330.0 

2462.6 

8 

2337.5 

2472.9 

11 

2345.5 

2479.8 

8 

2360.6 

2483.3 

60 

2362.1 

2488.1 

40 

2401.8 

2490.6 

40 

2419.3 

2496.5 

1 

2992.6 

2501.1 

5 


2510.8 

9 

COPPER 

2518.1 

9 


2522.8 

35 

2492.1 

2524.3 

5 


2527.4 

20 

germanium; 

2529.1 

8 


2535.S 

5 

2498.0 

2541.0 

7 

2592.5 

2546.0 

6 

2651.2'! 

2549.6 

6 

2651.6/ 

2584.5 

4 

2691.3 

2719.0 

35 

2709.6 

2720.9 

20 

2754.6 

2723.6 

7 

3039.1 

2733.6 

7 

3269.5 

2737.3 

7 


2742.4 

12 

TIN 

2750.1 

7 


2756.3 

3 

2113.9 

2767.5 

4 

2148.7 

2788.1 

12 

2151.4 

2953.9 

10 

2194.5 

2966.9 

85 

2199.3 


20 

2209.7 

6 

15 

2231.7 

0.5 

25 

2246.1 

35 

20 

2268.9 

20 

60 

2286.7 

4 


2317.2 

4 


2334.8 

20 


2354.8 

100 

9 

2380.7 

2 

3 

2408.2 

1 

35 

2421.7 

15 

25 

2429.5 

120 

27 

2483.4 

13 

15 

2495.7 

4 

45 

2546.6 

70 

25 

2571.6 

10 

20 

2594.4 

5 

8 

2661.2 

25 

6 

2706.5 

350 

15 

2779.8 

8 

1 

2840.0 

lOOO 

1 

2850.6 

25 

1 

2863.3 

500 

1 

3009.1 

350 

12 

3034.1 

800 


3175.0 

1200 


3262.3 

750 


3330.6 

100 

20 

3801.0 

200 

0.5 

4524.7 

LEAD 

40 

7 

2170.0 

4 

30 

2203.5(a) 

0.01 

2237.4 

0.3 

7 

2246.9 

2 

15 

2332.4 

0.2 

15 

2388.8 

0.1 

10 

2393.8 

4 

5 

2399.6 

0.05 


2401.9 

3 


2411.7 

0.6 


2443.8 

1.7 

0.5 2446.2 

3 

0.5 2476.4 

9 

0.5 2577.3 

7 

2 

2613.7/ 

80 

5 

2614.2/ 
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Table 1—Continued 


LEAD- 

Cont. 


2663.2 

25 

2802.0 

90 

2823.2 

10 

2833.1 

35 

2873.3 

20 

3572.7 

25 

3639.6 

110 

3683.5 

250 

3739.9 

25 

4057.8 

350 

(^)Due to 

Pb n. 

ARSENIC 

2288.1 

17 

2349.8 

30 

2381.2 

2 


2437.2 

see AsO 

2456.5 


6 

2492.9 


6 

2780.2 


5 

ANTIMONY 


2068.4 


8 

2127.5 


1 

2139.8 


2 

2145.0 


1. 

2175.9 


80 

2179.3 


6 

2208.5 


2 

2220.8 


2 

2224.9 


2 

2311.5 


200 

2445.5 


8 

2528.5 


180 

2598.1 


280 

2769.9 


40 


BISMUTH 

2061.7 

2110.3 

2228.3 

2230.6 

2276.6 

2400.9 
2524.5 

2627.9 
2898.0 

3067.7 


(a)On OH bands. 


TELLURIUM 


2383.2 

2385.8 


0.8 

0.6 

17 

30 

7 

0.6 


0.8 

(35)g 

400 


( 6 ) 

(7> 


Table 2 

Relative Intensities of Bands in Chemilunjinescent 
Spectra in Air-Hydrogen with Alcohol 


NITROGEN 


2595.7 

1.2 

2383.5 

50 



2671.4^ 

0.8 

2387.9 

35 

2149.1 

0.5 

2680 . 0 a 

0.6 

2396.3 

30 

2154.9 

0.4 

2713.23- 

1.0 

2454.6 

70 

2239.4 

0.3 

2722.2a 

0.5 

2464.2 

140 

2245.4 

0.3 



2477.9 

100 

2262.8 

1.5 

PHOSPHORUS 


2518.7 

50 

2269.4 

0.9 



2529.4 

70 

2363.3 

3.0 

2288.2 

4 

2540.4 

80 

2370.2 

1.5 

2294.9 

8 

2555.0 

50 

2440.0 

1.0 

2301.7 

8 

2595.7 

35 

2447.0 

1.2 

2306.9 

8 



2471.1 

3.0 

2313.7 

4 

ARSENIC 


2478.7 

1.5 

2320.6 

4 


10^ 

2550.0 

1.2 

2367.3 

30 

2438 

2559.0 

1.2 

2375.2 

50 

2504 

20 

2587.5 

2.0 

2379.9 

40 

2570 

20 


^Intensities for these last four bands are estimated from earlier data 
on the oxyoyaiLOgen flame. 

^Probably with some contribution from the As line 2437.2. 

These bands are double, the heads spaced about 1.2 A apart. 
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Ricli Oxyacetylene 

Thie fuel-rich, incandesceat oxyacetylene f^me obtained-with 

a sheathed atomizer-burner is of dazzling brilliance. This flame 

excites certain spectra that are absent from the normal (blue) 
flame. These spectra, which are emitted from an extended area 
of the flame, are due largely to dissociation of stable gaseous 
monoxides,but chemiluminescence may be present as well. The 
rery intense bacl^round is strongest in the visible, dropping oiE 
rapidly through the ultraviolet. Table 3 lists the spectra observed 
in this flame, on the same intensity scale as in Table 1. 

Table 3 


Relative Intensities in Sheathed, Rich Oxyacetylene 


BEEYLLIUM 


MERCURY 


A 

Water 

Methanol 

X 

Water 


2348.6 

11,000 

55,000 

2536.5 

250 


2494.7 

90 





2650.6 

290 


SILICON 

(Si I Lines) 


3321.3 

300 








X 

Water Methanol 




2506.9 

60 

300 

VANADIUM 


2514.3 

40 

200 




2516.1 

160 

800 



Methanol 

2519.2 

35 

170 

A 

Water 

(50%) 

2524.1 

50 

250 




2528.5 

60 

300 

3183,4^ 






3184.0 > 

4000 

7500 




3185.4 J 



SILICON (SiO Bsinds) 





A 

80% Methanol 

RHENIUM 


2344.3 

11 





2413.8 

14 




Methanol 

2481.9 

6 


A 

Water 

(50%) 

2486.8 

15 


3451.8 

170 

500 




3460.5 

600 

1900 

TIN 



3464.7 

320 

lOOO 

A 

Water 

Methanol 




2246.1 


500 

CADMIUM 


2268.9 


500 


__ 


2354.8 

700 

1200 

A 

Water 


2429.5 


1900 




2546.6 


1000 

2288.0 

4000 


2706.5 


3700 
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Other Flames 

Tin was studied in air-hydrogen with various additives, and 
lead was observed in oxyhydrogen with gasoline. Both metals 
were observed in the inner cone of a premixed air-methanol 
flame produced by a burner built by Edmund Buzza of Beckman 
Instruments. In all of these flames the relative intensities within 
each spectrum were the same as in Table 1. The air-oxygen-, 
hydrogen-acetylene flame (in the regular atomizer-burner) 
excited nitrogen (NO) well; it also excited silicon but not nearly 
as well as the rich oxyacetylene flame. The air-oxyacetylene 
flame proved best for sulfur; the data for the CS bands, including 
vibrational transitions, are given in Table 4, with the same in¬ 
tensity scale as in Table 1. 

THE INDIVIDUAL ELEMENTS 

Flame spectrograms of Be, Fe, Ni, Si, Ge, Sn, Pb, N, P, As, 
Sb, Bi, and S, obtained in this work, are to be published in the 
atlas accompan 3 rLngthe translation of Herrmann and Alkemade's 
book [47], and spectrograms of Sn and P appear in [44]. A few 
are selectedfor illustration here (Figures 1,2,3). Supplementary 
information on the elements is given below. 

Beryllium 

Although the resonance line 2349 A. is quite sensitive in rich 
oxyacetylene, it has the drawback of strong self-absorption 



Figure 1. Spectrogram of lead, 1100 mg/I in gasoline, in sheathed oxyhydro¬ 
gen flame. Slit widths and relative amplifications shown on sections of 
curve.^ In this and Figures 2 and 3, the wavelength scale represents zero 
intensity. Wavelengths in m/x. 
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Figure 2. 


Antimony, 600rTig/l in40%isopropanol,in air-hydrogen. Slits 0.26 
mm. (left),0.14mm. (center), 0.08 mm. (right). 




Figure 3. Sulfur, 5000 mg/I in 50% methanol, present 

shLthed air-oxygen-ocetylene flame. Slit 0.05 mm. Blank spectrogr 
superposed. 


curvature (Figure 4). Addition oi either hydrogen or air to the 
optimized flame "weakens the line. It is undetectable in normal 
oxyacetylene and cooler flames, although it is strong in oxy- 
cjunogen [41]. Methanol enhances the line, up to a factor of 
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Table 4 

Spectrum of Sulto (CS Bands from Sulfuric Acid) in 
Air -Oxygen-Acelylene F lame 


k 

v', V" 

Water 

Methanol 

2507.3 

1. 0 

0.7 

1.6 

2511.2 

6, 4 

0.6 

1.3 

2523.2 

2, 1 

0.9 

2.0 

2530.0 

7, 5 

0.8 

1.7 

2538.7 

3, 2 

0.9 

2.1 

2549.5^ 

8, 6 

0.7 

1.4 

2555.8 

4,3 

0.8 

1.7 

2572.7 

5, 4 

0.7 

1.3 

2575.6 

0, 0 

3.5 

8.5 

2589.6 

1. 1 

2.3 

5.5 

2605.9 

2.2 

1.1 


2621.6 

3, 3 

0.7 


2662.6 

0, 1 

0.7 


2677.0 

1, 2 

0.9 


2693.2 

2, 3 

0.9 



^Wavelength measured from DU spectrogram. 



Figure 4, Working curves for beryllium at 2349 A in the sheathed, incandes¬ 
cent oxyacetylene flame, in water and methanol-water solvents; concen¬ 
tration of methanol varies along curve as shown. 
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about 4 (Figure 5). In a detection limit test for beryllium in 
methanol (cf. Table 6), the standard error of the mean was 0.024 
mg./l. 


Vanadium. 

Since the dissociation energy of VO is 6.4 e.v. [7], only oxy- 
cyanogea is hot eaoagh to yield a vanadiiam line spectrum by 
thermal dissociation[41]. However, air-hydrogen with alcoholic 
vanadium emits a weak line spectrum (3703.6, 3704.7, 3855.8, 
3864.9 , 4111.8 , 4379.2, 4408.5 A.). The lines are of low excita¬ 
tion energy and not necessarily chemiluminescent, but they show 
that some atomic V vapor is generated in the reaction zone. The 
strong continuum suggests that the vanadium is present largely 
as condensed-phase oxide aerosol and that the chief impediment 
to better emission in air-hydrogen is the involatility of the lower 
oxides of vanadium. Rich oxyacetylene provides fairly complete 

vaporization, but the strongest emission (the multiplet at 3184 Aj 

lies in a region of inte^nse background continuum and strong OH 
emission; the background could be attenuated with higher spec¬ 
troscopic resolution. Methanol (50%) doubles the intensity. Hy¬ 
drogen weakens the 3184 A. line, and it disappears if the acetylene 
flow is reduced. 
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Table 5 

Detection Linuts for Best Lines and Bands in Chemiluminescent Flames. 
_and Comparisons with other Flames, for DU with 1P28 


Element 

Wavelength 

Char¬ 

acter 

Flame, Solvent, and Detection Limit (mg./I.) 

Antimony 

2175.9 

P 

AH,P 0.6 



2311.5 

P 

0.4 

AH 150 


2528.5 

a 

1.2 

1000 


2598,1 

f 

1.4 

400 

Arsenic 

2288.1 

a 

AH,P 4 



2349.8 

a 

2.5 



2492.9 

a 

AH,P^ 15 





15 


Beryllium 




OAz 0.4 

Bismuth 

2230 

dpf 

AH,P 1.5 



2276.6 

f 

30 



3067.7 

P 

AH,P35 50 

AH 50 OH 600 OAi lOOOCa) 


4722.6 

a 

(b) 

20 40 OA 200 

Cadmium 

2288.0 

P 

AH,P 0,3 

OAz 0.8 AH 50 OH,P 5 o 0.6 


3261.1 

f 

1.8 

OH 5 0.5 OH,Ac 2(f) 

Chromium 

2366 

tp 

AH,P75 

Copper 

2492.1 

P 

AH.P„ 7 

Germanium 

2592.5 

P 

AH.P 14 OAi.Pjo 400 OH.Pjo 400 


2651.4 

dp 

5 

200 300 OH 1000 


2709.6 

P 

25 

500 


2754.6 

P 

13 OAi 1300 

Iron 

2483.3 

P 

AH,P73 3 



2488.1 

P 

4 



2490.6 

P 

4 



2522.8 

P 

5 


Lead 

2170.0 

P 

AH,P 7 

OHi,G 5 


2476.4 

a 

AH,M9 

4 


2614 

da 

2.5 

0.9 


2663.2 

a 

10 

3 


2802.0 

a 

2.5 

1.1 


2833.1 

P 

10 

OH 25 OA,G 2.5 


3639.6 

a 

AH,P 12 

2 AH 7 OH,G 1.5 


3683.5 

a 

5 

1 3 0.7 


4057.8 

a 

4 

1 3 0.7 
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Table 5—Continued 


Element 

yavelength ^ 

Char¬ 

acter 

name. Solvent, and Detection Limit (mg./l.) 

Mercury 

2536.5 

f 

AH,P 4 DAi 8 OAz 40 AH 6 OH,Ac 6 

Molybdenum 

3798.3 

P 

OHi,N l(c) OA,H5 oA.C2oP20 


386 4.1 

P 

1 0.5 


3903.0 

P 

2 0.5 

Nickel 

2290.0 

P 

AH,P75 8 


2311.0 

P 

2.5 


2312.3 

P 

3.5 


2314.0 

P 

3 


2317.2 

P 

7 


2320.0 

P 

2 


2321.4 

P 

4 


2325.8 

P 

4 


2345.5 

P 

6 

Nitrogen 

2149 

dv 

AH,P 25 


2263 

dv 

25 AOHA 25 


2363 

dv 

20 14 


2471 

dv 

50 40 


385n 

V 

0H1,N 60(c) 


3855J 



Phosphorus 

2375 

dvb 1 

AH,P 1.3 AH 25 


2383 

dvb 

1.2 25 


2396 

dv 

2.2 45 


2464 

dv 

1.0 20 AHA 8 


2478 

dv 

1.3 25 10 


2523 

dvb 

2.5 50 


2540 

dv 

4 80 

Rhenium 

3460.5 

P 

OAz,M 5 o 120 OAz 300 

Silicon 

2344 

r 

AOHA 300 


2487 

r 

lOOO OAz.Mgo 55 


2506,9 

P 

1100 OAz,]VI 20 OAz 60 


2516.1 

P 

400 7 20 


2524.1 

P 

1500 22 70 


2528.5 

P 

1300 20 70 

Sulfar 

2576 

r 

AOA,M25 AOA 70 AOHA 500 


2590 

r 

40 110 700 

relluriam 

2383.2'! 




y 

a 

AH,P 10 AH 1000 


2385.8J 


1 . ...—- 
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Table 5—Continued 


Element 

Wavelength 

Char¬ 

acter 

Flame, Solvent, and Detection Limit (mg./I.) 

Tin 

2246.1 

P 

AH,P 1.3 

OAz,M80 7 

OHi,P 17 


2354.8 

P 

AH,M 0.5 

4 


7 OAz 8 


2429.5(g) 

a 

0.5 

4 


7 7 


2706.5 

P 

0.6 OAi 6(d) ah 

120 OH 

800 OAz,M 6 


2840.0 

a 

0.8 

50 

120 

(700) 


2863.3 

P 

1.0 

60 

90 

600 


3009.1 

P 

1.2 

30 

50 

250 


3034.1 

P 

0.6 

25 

25 

200 OHi,N 1 (c) 


3175.0 

a 

AH,P 1.5 

80 

80 



3262.3 

a 

1 

25 

25(e) 



3330.6 

f 

6 

25 




3801.0 

f 

3.5 

30 

4(e) 


Vanadium 

3184 

tp 

OA2,Mso 25 

OAz 40 



Zinc 

2138.6 

P 

AH.Pso 60 

AH 250 

OH 160 

OH, Ac 10(^ 


4810.5 

a 

OHl,N 16 (c) 





Abbreviations: AH = air-hydrogen, OH = oxyhydrogen, OA = oxyacetylene, AHA = air- 
hydrogen-acetylene, AOA = air-oxyacetylene, AOHA = air-oxygen-hydrogen- 
acetylene, OH A = oxyhydrogen-acetylene, 

Ac = acetone, G = gasoline, H = hexone, M = methanol, N = naphtha, P = isopro¬ 
panol; if solvent is not named, it is water. 

Subscript numbers denote percentage concentration of solvent, 
a = arc line (not resonance), b= band, d = double, f = intercombination line, 

1 = inner cone, p = resonance line, r = head of band degraded toward longer 
wavelength, t = triplet, v = head of band degraded toward shorter waveleng;th, 

2 = fuel-rich, sheathed, 

No^: (a) Appears in absorption against a brighter OH band. 

(b) Obscured by C j band. 

(c) Data from B. E. Buell. 

(d) Estimated from spectrogram in [56]. 

(e) Line superposed on SnO band. 

(f) Observation by H. Watanabe, Beckman Instruments, Inc. 

(g) Additional data: AHA 1.5; OHA 1.7. 


Molybdenum 

Although it yields only a continuum in conventional flames, 
molybdenum emits its resonance spectrum in oxycyanogen [4l], 
in tte reaction zone of air-acetylene [56], and in oxyhydrogen 
withnaphtha [11,43]. Acetone and an acetone-hexone-isopropanol 
mixture were found inferior to naphtha in eliciting the Mo spec- 
truniin oxyhydrogen;it occurred low in the flame. Oxyacetylene 
was b^ter; with isopropanol the Mo was excited in the reaction 
zone, but with the acetone-hexone-isopropanol mixture in the 



CHEMILUMINESCENT FLAME SPECTROPHOTOMETRY 185 

Table 6 


netection Limit Tests. (Flame and Solvent Indicated as in Table 5) 


Element 1 

Vave- 1 
e^h 

Concen¬ 
tration 
mg./I. 

Slit * 
nm. 

3 taadar(d 
Error 
mg./I. 

Defined 

Det. 

Lim. 

mg./l. 

Remarks 

Cadmium 

(AH,P) 

2288 

1.0 

1.0 

1.0 

1.0 

0.5 

0.5 

3.6 

1.0 

1.0 

1.0 

1.0 

1.0 

0.16 

0.06 

0.16 

0.15 

0.07 

0.19 

0.3 

0.25 

0.32 

0.42 

0.55 

0.43 

With sheath 

More sheath air 
50% isopropa¬ 
nol; sheath 
Same, more 
hydrogen. 

Bismuth 

(AH,P) 

2230 

5.0 

5.0 

1.1 

1.1 

0.6 

0.3 

2 

2.5 

Ro sheath 

4030 burner 

Pho sphioras 
(AH,P) 

2464 

16 

16 

16 

0.5 

0.5 

0.5 

0.9 

1.3 

1.9 

1.0 

1.3 

1.9 

No sheath 

Less air 

Higher back¬ 
ground 

Lead 

(AH,P) 

1 2170 
2614 
2802 
4058 

50 

50 

50 

50 

1.3 

0.23 

0.14 

0.08 

6 

1.2 

5 

1.7 

9 

7 

14 

8 

No sheath 
Steadier flame 

Beryllium 

(OAz,M[) 

2349 

1.0 

0.02 

0.06 

0.08 

Recorder used 

Vanadium 

(OAz) 

3184 

200 

0.02 

19 

50 

Recorder used 

Silicon 

(OAz,M) 

2516 

190 

0.04 

7 

4.5 

Recorder used 

Sulfur 

(AOA,M) 

2576 

100 

_ 

0.05 

1 10 

24 

Recorder used 


upper part of a large, rich (not incandescent) flame, excitation 
■was sufficient for a detection limit of 0.5 mg./I. 


Rhenitim 

No flame spectrum could be detected for rhenium in water 
or isopropanol in the conventional flames, including sheared 
(blue) oxyacetylene. However, the strongest resonance lines 
appear in incandescent oxyacetylene (Table 3); the resonance line 
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2275 A. was also detected. Methaaol(50%) enhanced the rhenium 
threefold. At best, emission was surprisii^ly weaJc; Fassel [25] 
reported muchbetter sensitivity for rhenium in rich oxyacetylene. 

Iron Group 

Detection limits for Fe and Ni lines in the chemiluminescent 
air-hydrogen flame with alcohol (Table 5) do not rival those of 
the strong near-ultraviolet lines; but, lyiig in a region of little 
spectral interference and probably no bacl^round interference, 
where the dispersion of a quartz monochromator is high, the 
chemiluminescent lines should prove more convenient for the 
analysis of mixtures. Fe 2483 and Ni 2320 are most sensitive; 
cobalt would doubtless emit a similar spectrum (cf. 41, p. 120), 
with 2407 A. as the most sensitive line. 

Rhodium 

Althoigh rhodium emits an excellent spectrum in conventional 
flames [41,42], there was no evidence of chemiluminescence in 
air-hydrogen with alcohol. 

Zinc 


Althoi^h a chemiluminescent spectrum has been observed in 
air-acetylene [56], oxyhydrogen-naphtha[ll], and flames contain¬ 
ing zinc dimethyl [23], no marked chemilximinescence was found 
in air-hydrogen with isopropanol. However, weak lines at 2684 
and 2712 A., with the very high excitation potential of 8.6 e.v., 
show that a chemiluminescent reaction is certainly occurring in 
this flame. The 4810 A. line, observed by Buell (Table 5), should 
have the advant^e over 2139 A. of enjoyii^ a straight working 
curve. 

Cadmium 

The resonance line 2288 A. is very favorably excited in air- 
hydrogen with alcohol, and it exhibits chemiluminescence in in¬ 
candescent oxyacetylene. The high curvature of the working 
curve is a drawback from which Cd 3261 is free. The latter, 
like its homologs Zn 3076 and Hg 2537, all of them intercombi¬ 
nation lines, is highly anomalous, being abnormally strong in the 
cooler flames in aqueous solution. Its intensity in air-hydrogen 
is 300 times the ejqjected equilibrium intensity, and in this flame 
it is not enhanced at all by addition of alcohol—a unique phenom¬ 
enon. 
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Mercxiry 

In the reaction zone of normal oxyacetylene with water, Hg 
2537 is 10 times as bright as in the mantle. Air-hydrogen with 
Lcohol givL better selsitivity (Table 5), but the reaction zone 
of oxyacetylene with hexone is better still [16], offering a detec- 
tionYimit of 2 mg./l. The line shows some chemiluminescence 
in incandescent oxyacetylene. 

Boron 

Despite positive results reported by Buell 

mphthafll.lZ) and by Robinson for oxycyanogen M, 

detect B 2497 in rich oxyacetylene or in oxycyanogen. The nig 
dLsfciat^on energy (8.0 Iv.) of BO prevents B vapor from form¬ 
ing in normal flames. 

Carbon 

The highly characteristic bands of C 2 and CH inthe reaction 
zone and the line C 2479 in hotter flames could serve for the de¬ 
termination of carbon in solution. In a hydrogen flame, about 
0.01% of an alcohol can be detected by the bands. 

Silicon 

No spectrum in air-hydrogen withisopropanolwas found for 
silicon at 2500mg./l. (dissolvedin hydrofluoric acid). 

sheathed air-oxygen-hydrogen-acetylene emits resonance 

lines of Si andaweak SiO spectrum. The Si 

and hydrogen flow are reduced and acetylene flow raised; the best 
lIcLSescent cxydctylene. Methanol produces a 5-fold 

enhancement. 

Germanium 

The dioxide in hydrofluoric acid yields the line spect^m of 
Ge in air-hydrogen with alcohol. The spectrum is much weaker 
in oxyhydrogen and oxyacetylene wither without alcohol,and un¬ 
detectable in air-hydrogen without alcohol. 


Tin 

This metal yields a beautiful spectrum in 'F 

alcohol. Buell [13] has detected lines as 

Conventional flames ©“it a weak band spectrum of SnO wife t U 

weaker Sn lines [41,43], and, especially m air-hydrogen witn 
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aqueous solutions, a diffuse band at 4850 A. of unknown origin. 
This latter flame, moreover, shows anomalously high dissocia¬ 
tion of SnO. Only a little alcohol is needed to bring out the 
chemiluminescence: 3.6% isopropanol produces a strong effect; 
the intensities are doubled at 11% and become a third again as 
strong at 20%; with higher alcohol concentrations the gains in 
intensity are proportionally smaller, hi alcohol, the spectrum 
is weaker in oxyhydrogen than in air-hydrogen,but Buell [ll,13] 
finds the contrary to be true in naphtha. The spectrum in the re¬ 
action zone of a premixed, laminar air-methanol flame is like 
that of the atomizer-burner flames and in sharp contrast with 
that in the mantle of the air-methanol flame, where only the SnO 
bands and a few very weak Sn lines appear. The behavior of tin 
in air-hydrogen with various additives will be discussed later. 
Whereas normal oxyacetylene emits only a weak, thermal Sn 
spectrum, incandescent oxyacetylene produces marked chemi¬ 
luminescence (Table 3). Methanol gives a merely normal en¬ 
hancement in this flame, doubling the intensity. 

It should be pointed out that the standard wavelength tables 
in current use wrongly classify the Sn lines 2209.7, 2246.0, and 
2483.4 A. These lines belong to the neutral atom, not the ion. 
The same is true of 2151.43 (5p^ - 5d ^Fa), as pointed out 

by Dr. Marvin Margoshes of the Bureau of Standards; I had 
earlier identified it as 2151.48 of Sn+ (5p ^Pl /2 - 5p^ 

The new tables by Meggers, Corliss and Scribner [57] give 
correct classifications and excitation energies. Thus, no defi¬ 
nite ion lines of tin have been identified in flames. 

Lead 

In gasoline the chemiluminescent lead spectrum is 50 times 
as bright in oxyhydrogen (Figure 1) as in air-hydrogen, unlike 
tin in alcohol. (Note the "fourthpositive" CO bands in Figure 1.) 
In the laminar air-methanol flame the chemiluminescent lead 
spectrum is about as sensitive as in alr-hydrogen-alcohol, 
whereas with tin the latter flame is better. The lead lines have 
about the same relative intensities in all the flames. Despite the 
widespread use of the atomizer-burner for the determination of 
lead in gasoline, the chemilxmiine scent spectrum, occurring only 
in the lower part of the flame, does not seem to have been noticed 
before by flame photometrists. The lines 2614 and 2802 A. in 
gasoline are about as sensitive as the normal lines and might 
have advantages for analysis. The different behavior of the nor¬ 
mal lines 3640 and 3684 A. (whichare little enhanced bj^ alcohol) 
and tte nearby chemiluminescent lines 3573 and 3740 A. (which 
are invisible without alcohol) was noticed earlier by Gaydon [32, 
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Plate 6]. The weals ion line 2203.5 1 . visible in Figure 1 and 
corroborated by repeated scans, has been confirmed by Buell LH1 • 


Nitrogen 

The CN bands 3851-3883 k. have been used for analysis [ll, 
12 48], but the NO gamma bands offer better sensitivity in air- 

hydrogen with alcohol or air-oxygen-hydrogen-acetylene mth 

aqueous solutions. In the latter flame 29% oxygen in the oxi^nt 
mixture provided the best sensitivity for either nitric acid or 
ammonia, but the NO intensity was only half as great wito am¬ 
monia However, adjustment was much less critical with am¬ 
monia, andat 28% oxygen ammonia gave the stronger NO emis sion 
(threefold). Thus an adjustment could be found at which nitric 
acid and ammonia would give equal nitrogen readii^s, butnothi^ 
is known of the behavior of other nitrogen compounds. TheN 2 
present in this flame yields no NO bands, although the somewtot 
hotter air-oxygen-acetylene flame shows the NO hands distinctly 
with a methanol blank (Figure 3), more weakly with water. We 
thus have a flame that ignores elemental 

mine combined nitrogen in water witha sensitivity of about 0.002 /o. 


Phosphorus 

Phosphoric acid in alcohol gives rise to the analogous gamma 
system of PO. The 2464 1 . head is particularly strong and sharp. 
The PO spectrum is much stronger than the NO spectrum, and can 
be detected also in the absence of alcohol. With aqueous solutions, 
air-hydrogen-acetylene is better than air-hydrogen. Addition ot 
oxygen merely raises the background without much affecting th 
PO intensity. 

Arsenic 

The air-hydrogen-alcohol spectrum of As is about as intense 

as that of Ge. Arsenic lines are not detectable at ordiim^ con¬ 
centrations in normal flames, even oxycyanogen, although Lunde- 
gardh [52,53] and Carnes [16] have reported them in the reaction 
zone of acetylene flames. Carnes could detect 2 mg./l. inhexone. 
The "B" system of AsO is also fairly intense in air-hydrogen- 
alcohol: the "A” system, with strongestheads at 3278 A., could 
not be detected, although it is known to occur in flames and was 
seen faintly in oxyhydrogen by Hartley in 1894 [46J. 


Antimony 

The Sb spectrum in air-hydrogen-alcohol is quite intense 
(Figure 2). In water solution the lines are about .001 as intense 
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as in alcohol; they are hardly detectable in oxyhydrogen and very 
weak in oxycyanogen. A band spectrum was also observed, with 
peaks at 2565 and 2574 A., best developed in water solution and 
apparently not chemiluminescent with alcohol. This was subse¬ 
quently identified, through Shimauchi’s work [64], as due to SbO. 

Bismuth 

The strong resonance line Bi 3068 unfortunately coincides 
with an OH band head, and so Bi 2231 is more sensitive in air- 
hydrogen-alcohol. Thenormal flame spectrum of bismuth[41,47] 
is quite different from the chemiluminescent spectriun. 

Sulfur 

A sulfuric acid solution emits the spectrum of CS in air- 
oxygen-hydrogen-acetylene, and with 10 times greater sensitivity 
in incandescent air-oxygen-acetylene (Figure 3); there is an op¬ 
timal air-oxygen mixture. The SO and S 2 bands were sought but 
not found, although S 2 bands are said to be very persistent in 
hydrogen flames [32]. When methanol is added to the solution, 
the background first rises and then drops to less than that with 
water, while the CS intensity rises steadily (Figure 6). A re¬ 
producibility run showed a standard error of the mean of 4 mg./l. 
of S in methanol (cf. Table 6). 



Figure 6. Effect of methanol concentration on emission of sulfur (CS2576A) 
and on background in air-oxygen-acetylene flame. 
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Selenium 

This elernent was not studied, but on the basis of dissocia¬ 
tion energies one might expect bands of CSe in incandescent 
flames and of SeO in air-hydrogen (cf. 32, p. 225). The detailed 
description of the band spectrum in oxyhydrogen given by 
Hartley [46] does not agree at all with recent data on Se 2 or SeO. 

Se lines might appear in chemiluminescent flames: 1960 and 
2040 A. should be about equally strong [57]. Allan [5] observed 

Se 2040 in absorption in air-acetylene, with a detection sensitivity 

of Sp.p.m. 

Tellurium 

An alcoholic solution emits the line spectrum of Te in air- 
hydrogen, the 2383-2386 A, lines being strongest. Detailed data 
were not obtained. In water solution the lines are very much 
weaker in air-hydrogen and invisible in oxyacetylenej but they 
should be expected in air-hydrogen-acetylene. The normal flame 
spectrum is thatof TeO, first described by Hartley[46j, and best 
seen in air-hydrogen with water (47, Er^lish edition). 

AmLYTICAL DATA 

Specificity 

The chemiluminescent flames used with a quartz monochro¬ 
mator are better than most flames with respect to specificity. 
The lines lie mostly in the deep xiltraviolet, where they are easily 
separated. The bands of PO and CS are narrow and distinctive, 
and are nearly hs useful as lines for analysis. The NO bands, 
though more gently shaded, have sharp heads. On the whole, 
spectral overlap will be infrequent, and the slits can nearly always 
be kept narrow enough to separate lines spaced by no less than 
2 or 3 A. 

Sensitivity 

Table 5 lists detection limits for the stroller or more char¬ 
acteristic chemiluminescent emissions (together with a few nor¬ 
mal lines) of the 22 elements studied, both in the flames in which 
the chemiluminescence or exceptional dissociation occurs and, 
where known [43], in selected normal flames for comparison. 

Recalling the definition of intensity (J) used in Tables 1, 3, 
and 4, we define the detection limit L (as given in Table 5) equal 
to 190(r + where W isthe slit width at which the blank 

or background signal has shot noise at the anode of the photo- 
multiplier ecinal to 0.7% peak-to-poai at a tini6 constant of 1 
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second, and AT1^,the equivalent limiting resolution, is about 0.03 
mm , in the DU monochromator except at the shorter wavelengths, 
where it rises somewhat. The flame and mirror are assumed 
optimized for each element. The data of Table 5 apply, of course, 
only to the DU with 1P28 photomultiplier, although suitable fac¬ 
tors canadapt them to other instruments [45]. No adequate treat¬ 
ment of the definition of detection limits in emission spectro- 
chemical analysis has yet been published; a partial treatment for 
flames will be found in reference 43 (3rd edition). The above- 
defined L approximately equals the concentration of element in 
mg./l. giving a net signal equal to total noise (flame plus shot) 
at the slit width minimizing this concentration. 

There are many aspects of this definition of L that call for 
discussion, but we confine ourselves here to examination of an 
experimental test of its adequacy. Table 6 shows such a test, 
it is particularly severe in that the chemiluminescent flames 
tend to flicker more than other flames. The standard error of a 
single net reading (difference between sample and blank) is given 
in terms of equivalent concentration, and compared with the 
’’defined" detection limit, L, calculated as above for each indi¬ 
vidual case. Note that, for lines, the optimal slit width is less 
than W and is not at all critical; the slit widths of Table 6 are 
not far from optimal. 

We find from Table 6 that the mean ratio (logarithmically 
averaged) of L to standard error is 2.4. Hence, on the average, 
a single pair of readings (on sample and blank) at a concentra- 
ticBi of analyte equal to L will give a positive result 99% of the 
time, while 3 or 4 pairs of readings, as commonly obtained in 
flame photometry, will place the certainty of detection beyond 
reasonable doubt. 

Precision 

The flicker of the unsteadiest flames (air-hydrogen with 
nearly pure alcohol) averaged 5% peak-to-peak with a time con¬ 
stant of 0.2 sec. and a little over 2% at 1 sec. Flicker was some¬ 
what lefes in air-hydrogen with lower concentrations of alcohol 
and in the mixed flames. Since a really good sheath was not built 
until toward the end of the investigation, most of the data are 
afflicted with imprecision that is now avoidable. Coefficients of 
variation of the readings on samples and blanks thatprovided the 
data of Table 6 were 0.4% under good conditions, 0.8% typically, 
and over 1.5% at worst. (In a sheathed oxyacetylene flame it can 
be held to 0.1-0.2%.) However, since much of the standard error 
in a set of replicate readings is due to drift, not flicker, if sample 
and blank are read alternately the drift is largely self-compen¬ 
sating and analjilical precision benefits. Further, when a flame 
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is unstea.d.7, the slit width can be made mucli narrower ^ 
before shot noise becomes comparable with flame aoise.and toe 
rSing ga-in in line-to-background ratio has the consequence 
that precision at low concentrations does not deterio^te as 
raoMlv as flame stability. Hence the standard errors m Table 6 
IS a |<S S waller ton would be predicted from the above 
coefficients of variation on single solutions. 

Table? shows a test of analytical precision for tin. The p 
flow rates and often the mirror were ‘^^^"fed ^ter every set of 
three readings ('’unknown", standard, and blank). There were If 
Sriil^ofn. These ea’ceeslvely variegated conditions would 
not occur in ordinary analysis. 


Table 7 

Precision with a Che milum iiiescent Line 
Tin at 2430 A. in O -Ar-H -Hydrocarbon Elaine 
Sample at 100 p.p.m. Compared with Standard at 500 p-p.m. 


Hydrocarbon 

Concentration 

Found 

p.p.m* 

Standard Error of 

Siagle Measurement 
p.p.m. 

Acetylene 

100.8 

0.8 

Propylene 

100.8 

1.4 

Propane 

99.8 

1.4 

Average 

100.4 

1.2; =0.3 


Linearity 

Table 8 summarizes various indirectly obtained data on 
working curves for the air-hydrogen flame 
solutions, and Table 9 for the ac^ylene flames. 3^® 
slooe" is b in the equation I=aC>>, expressing net intensity I as 

over wide ranges of C. In a homogeneous flame, toe curve slwuld 

be linear (6 =1) below and, owing to self-a-bsorption, par^ 

(b = 1/2) above a certain rather narrow range of C, toe toee 
of toe curve. The location of the knee ^ J 

oscillator strength and collision ‘^[oss section, as well as to 
population of toe lower state and other tlu^s, ^ exceeds 
for valuable theoretical study. When the curvatme exceeds 
parabolic, as with Be 2349, this is probably due to sell-reversa 
by cooler metal vapor in the periphery of the flame. 
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Working Curves in Air-Hydrogen-Isopropanol 


Element 

Wavelength 

Logarithmic 

Slope 

Concentration 
Range, mg./l. 

Cadmium 

2288 

Probably L.O 

below 3 



0.5 

5 - 500 


3261 

1.0 - 0.8 

5 - 500 

Mercury 

2537 

1.0 

40 - 1000 

Germanium 

2592 

1.0 

50 - 200 



ca 0.6 

200 - 1000 


2651 

1.0 

50 - 200 



0.7 (?) 

200 - 1000 


2691 

ca 0.7 

200 - 1000 


2710 

Probably 1.0 

200 - 1000 


2755 

Probably 1.0 

200 - 1000 

Tin 

2246 

1.00 

10 -200 



ca 0.9 

200 - 2000 


2269 

1.00 

10 - 200 



1.0 - 0.9 

200 - 2000 


2335 

1.00 

25 - 2000 


2355 

1.00 

10 - 200 



ca 0.96 

200 - 2000 


2422 

1.00 

10 - 200 



0.9 - 0.8 

200 - 2000 


2430 

1.00 

10 - 2000 


2483 

1.00 ± .02 

100 - 2000 


2547 

1.05 - 1.10 

25 - 2000 


2706 

1.06 

10 -2000 


2706^ 

0.97 

100 - 2000 


2840 

1.00 

100 -2000 


2863 

1.00 

100 -2000 


3009 

1,00 ± .02 

100 - 2000 


3034 

1.00 ± .02 

100 - 2000 


3262 

1.00 

100 -2000 


3331 

1.0 

100 - 2000 


3801 

1.1 

100 -2000 


4525 

1.05 ± .05 

100 -2000 

Lead 

2170 

ca 1 

50 -200 



ca 0.5 

200 - 500 


2394 

ca 0.7 

200 - 500 


2476 

ca 0.9 

200 - 500 


2614 

1,00 -0.95 

50 - 500 


2663 

1,00 - 0.95 

50 - 500 


2802 

ca 0.8 

200 - 500 

Nitrogen 

all bands 

ca 1.0 

up to 10,000 
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Element 

Wavelength. 

Logarithmic 

Slope 

Concentration 
Range, mg./I. 

Phosplior-us 

3,11 bands 

Probably 1.0 -0.9 

15 - 800 

Arseaic 

2288 

2350 

1.0 

1.0 - 0.9 

20 - 200 

20 - 500 

Aatiiaony 

2176 

2311 

2 528 

2598 

ca 1.0 
ca 0.7 

0.8 

1.0 ± .1 

1.0 ± .1 

10 -25 

25 - lOO 

10 - lOO 

10 - lOO 

10 - 100 

Bismuth. 

2230 

2277 

1.0 

0.7 

0.5 

1.0 

below 50 

50 - 200 

200 - 1000 
lOO - lOOO 


SS.rr<itSfi.lgh»r ot ftemal •« th, lo«.r- 

wsLveleiigth lines. 


Interferences 

Chemical interference was studied Lriefly only with tin 
(Table 10) owing to the need of additives to keep it from pre- 
cto^ling oragfng. It was noted that the decanted s’J>ermtant 
from an^ged solution originally containing 50 p.p.m. of tin showed 
lessthii 1 p.p.m., hut if the mixture was stirred, the apparent 
concSS^adon^was’40-45 p.p.m. Thus the tin does jot be 

in solution to be excited in the flame. Most of the Jests of Table 
10 were ^ith aciueons solutions in a-ir-hydrogen-acetylene, but 
hydrofluoric acid was tested also with an alcoholic solution in 
air-hydrogen, in which it gave the same ^terferenc^ 

Data on mutual interferences of As,Sb, Bi, Sn, and , 

inner cone of oryacetylene with hexone are given by Carnes Lit J. 

SOLVENT, FUEL, AND OXIDANT 

Effect of Solvent 

Solutions of tin in 20 and 60 % acetone gjve spectra in air- 
hvdrosen showing the same relative line intensities as in is 
p?opalol,hut 0.75 as intense (at the saine 

MeSianolgavethe same absolute line intensities but 0.4 as intense 
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Table 9 


Working Curves ia Chemiluminescent Acetylene Flames 


Element 

Flame, 

Solvent 

Wavelength 

Logarithmic 

Slope 

Concentration 
Range, mg./I. 

Beryllium 

OAz 

2349 

1.0 

below 5-10 




0.8 

at 25 




0.65 

at 50 




0.5 

at 100 




0.3 

at rooo 

Vanadium 

OAz 

3184 

0.95 

200 - 2000 

Silicon 



Probably 1.0 

200 - lOOO 

Sulfur 

AOA,M 

all bands 

1.0 

100 - 5000 


Table 10 

Interferences with Tin ^ 
Sn 50-500 p.p.m. at 2430 A 


Interferent 

Concentration 

Effect 

HNO3 

0 . 5 % 

Ofo 

H2O2 

several % 

0 

H 2 O 2 +HNO 3 

several % each 

0 

12 

excess 

0 

I 2 , heated 

excess 

0 

HCl 

2 % 

0 

rHCl HP 

1 

1% each "1 

0 

excess I 


Sterox 

50 p.p.m. 

0 

EDTA 

saturated 

0 

HF 

2-4% 

-4 

r HF 

t +I2 

2.5% ^ 

-3 

excess | 
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a background as isopropanol. Tin emission was 8% higher in 
190% methanol than in 90%,. With lead in air-hydrogen, gasoline 
and isopropanol gave practically identical spectra, while methanol 
yielded somewhat better detection limits, as with tin. Carbon 
tetrachloride and methyl chloroform, mixed with isopropanol, 
had little effect on tin in air-hydrogen, but they somewhat raised 

the background. . 

In oxyhydrogen, lead in gasoline gave a much more intense 
spectrum (in the reaction zone) than in air-hydrogen, whereas 
tin in isopropanol (and in w-butanol [63]) gave a weaker spectrum 
and (owing to the much higher background) much poorer detection 
sensitivity than in air-hydrogen. Similarly, Buell [ll] found ttat 
chemiluminescent spectra in oxyhydrogen are weaker m napl^- 
isopropauol than in naphtha and may be absent in acetone. Thus 
hydrocarbons seem superior in oxyhydrogen but not necessarily 
in air-hydrogen. 

Effect of Oxidant Mixture with Alcoholic Solutions 

J C Stemherg of Beckman Instruments had suggested that 
the nitrogen of the air might betending to quench the chemilumi¬ 
nescence by collision deactivation of the excited atoms, and fkat 
replacement of the nitrogen hy a noble gas might enhance the 
chemiluminescent emission. Argon did in fact 
sitivity for tin in isopropanol, although without the sheato the 
flame still contained nitrogen entrained from the ambient air. 
The atomizer was operated on mixtures ranging from pure argon 
to pure oxygen, while hydrogen was supplied to the fuel Port as 
usual. The results are shown in Figure 7. The ' sensitivity of 
figures 7-11 is the ratio of netreadiug on Sn 2430 at 100 mg./l. 
to the square root of the blank reading with slit 0.14 mm; it is 
nearly proportional to l/L and is convenient for co^anson. 
The peak sensitivity obtainedwith air-oxygen mixtures (Figure 8) 
is only about 0.7 of that available with argon. 

Germanium in isopropanol was tried in air-hydrogen wkh 
oxygen supplied through a sheath. The oxygen brightened the Ge 
lines somewhat but raised the background more rapidly. 

Chemiluminescence with Aqueous Solutions and Gaseous Additives 

In view of the remarkable effect of alcohol in the air-hydrogen 
flame, Sternberg suggested that any carbon-hydrogen compwnd 
in the flame might elicit the chemiluminescence. ItwouW obvi¬ 
ously he convenient to have a flame capable of giving the chemilu¬ 
minescent spectra with aqueous solutions- A trial sh(wed that 
natural gas, propane, propylene, and acetylene 
hydrogen all excited the tin spectrum very well. Although the 
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Figure 7. Effectof oxygen concentration on the spectrophotometric detection 
sensitivity and on emission intensity of tin at 2430 A in 98% isopropanol in 
the argon-oxygen-hydrogen flame. In this and the next three figures each 
sensitivity value is separately maximized with respect to hydrogen flow and 
mirror focus. 

gaseous additives gave less intensity than liquid additives, the 
line intensity ratios for tin were identical in acetylene and iso¬ 
propanol. 

Cyanogen added to air-hydrogen produced an emission of Sn 
2430 (in water solution) equal to only about 3% of that produced 
by isopropanol. The cyanogen gave rise to strong CN bands 
(violet system) and greatly raised the background in the deep 
ultraviolet (much more than other fuels or solvents). Carbon 
monoxide brought outno emission of tin at all. Neither cyanogen 
nor carbon monoxide appreciably affected the intensity of Sn 2430 
obtained with isopropanol; they both raised the background—-car¬ 
bon monoxide somewhat, cyanogen greatly. 

A search was made for a combination of gases that would 
provide optimal detection sensitivity for tin in aqueous solution. 
The best combinations attained 40-50% (or 60% with a wetting 
agent) of the sensitivity with isopropanol and 30% of the sensitivity 
with methanol; see the datafor Sn 2430 in Table 5. Many variables 
are involved in such a search. Some of these are discussed below. 

The sheath was operated with various mixtures (always the 
same as that supplied to the atomizer), including air-oxygen, 
argon-oxygen, and air-propane. In no case did it affect the 




CHEMILUMINESCENT FLAME SPECTROPHOTOMETRY 199 


emissioa except to stabilize it somewhat. The sample pump, 
likewise, conferred little advantage under any of a variety of 
conditions, since sample flow rate was not at all critical and was 
already nearly optimal under unimpeded suction. Optimal di¬ 
mensions for the atomizer-burner were: capillary bore 0.35 inm., 
atomizer port 0.08 mm. wide, fuel port 0.25mm. wide. Atomizer 
pressures of 20-25 p. s.i. were best. An extended trial of a burner 
with an atomizer port of 0.025 mm. run at 30-50 p.s.i. with vari¬ 
ous argon- or air-oxygen-hydrogen-acetylene mixtures revealed 

no advantage of high-pressure atomization. Adjustment of the 
concave mirror became more critical with higher oxygen content. 

The order of mixing or feeding the gases had little effect on 
the emission. In every comparison, the results were slightly 
better when the fuel mixture was supplied to the fuel port and me 
oxidant mixture to the atomizer, instead of, e.g., air-propane for 
atomizing and hydrogen for the fuel port. Note, however, that m 
the sheathed oxyacetylene flame the interchange of oxygen and 
acetylene provides higher sensitivity and suppresses incrusta¬ 
tion of the atom izer [6,44]. .v ^ 

In a comparison of hydrocarbons as additives for the air- 

hydrogen flame, natural gas, propane, 

closely similar sensitivities for tin, acetylene being 5-10%better 
than the others. Propane, propylene, and acetylene as additives 
for the argon- oxygen-hydrogen flame gave nearly identical sen¬ 
sitivities (Figure 9), but acetylene gave somewhat higher abso¬ 
lute intensity of tin and background. 

Acetylene as Additive 

In view of these results, acetylene was singled out for 
further experiments. Firstof all, itshould be noted thatinhydro¬ 
gen-hydrocarbon flames in a normal burner with aqueous solu¬ 
tions, the sensitivities for tin are more nearly alike for argon- 
oxygen and air-oxygen atomizing mixtures than they are in 
hydrogen flames with alcoholic solutions, where argon-oxygen 
(Figure 7) has an advantage over air-oxygen (Figure 8). 

With the high-pressure atomizer mentioned above, the tin 
sensitivity was highest with pure oxygen, hydrogen so low that 
the flame tended to blow out, and acetylene high enough to m^e 
the flame incandescent. Flow rates of both hydrogen and acej- 
lene had to be adjustedwithin 10% for best results. Owing to the 
high intensity of both tin and background emissmn, this tl^e 
permitted use of very narrow slits while offering a detection 
limit of 2 p.p.m. tin in aqueous solution. Figure 10 
effect of oxygen on sensitivity, and Figure 11 shows the effect o 
the fuel flow rates. With constant atomizer pressure (30 p.s.i.j, 
about 400 readings were taken with different oxygen, hydrogen. 
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Figure 8. Effect of oxygen concentration on the sensitivity and intensity of 
tin at 2430 A in 90% isopropanol in the air-oxygen-hydrogen flame. 



Figure 9. Effect of oxygen concentration on the sensitivity of tin at 2430 X 
in aqueous solution in argon-oxygen-hydrogen-hydrocarbon flames. 
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Concentration of Oxygen in Oxidant Mature 

Figure 10. Effect of oxygen concentration on the sensitivity of tin at 2430 A 
in aqueous solution in air-and argon -oxygen-hydrogen-acetylene flames 
with a high-pressure .atomizer-burner. On the air curve, mirror focus 
drifted from optimal until reoptimized at 87% oxygen. 

and acetyleae pressures, with air or argon as diluent. For each 
oxygen value, a contour map was drawn showing sensitivity as a 
function of hydrogen and acetylene pressures. Four of these 
maps appear in Figure 11. The curves of Figure 10 are loci of 

the hilltops of the contour maps. 

These results are peculiar to the burner. The standard No. 
4020 burner can provide slightly better detection sensitivity 
(1.5 p.p.m.) for tin in aqueous solution in a blue flame of air- 
oxygen-hydrogen-acetylene, although with lower intensity and 
therefore lower available resolution at a given concentration. In 
the blue flames the acetylene pressure is less critical; as acety¬ 
lene is added, the chemiluminescent emission suddenly comes 
into view, rising up on to a gently sloping plateau. ^ More acety¬ 
lene raises the background and lowers the sensitivity. It is 
curious that in the white flames the background intensi^ 
may show a minimum following a maximum, as acetylene is 

added. , „ 

With the help of the sheath, it is possible to shift gradually 
to pure oxyacetylene without Losing the chemiluminescent Sn 
lines. The flame must be kept incandescent or the lines vanish. 
Although Sn 2430 is about 20 times as intense in sheathed oxya¬ 
cetylene (Table 3) as in air-hydrogen-acetylene, the much higher 




202 


SPECTROSCOPY 



Figure 11. Sensitivity of tin at 2430 k in air-oxygen-hydrogen-acetylene 
flames at four different concentrations of oxygen in the oxidant mixture, as 
function of hydrogen and acetylene pressures (in inches of water) in the 
high-pressure atomizer-burner. Contour values are sensitivities. Boundaries 
of regions of insfability and incandescence are shown. 

background ofoxyacetylene limits the sensitivity to about 7 p.p.m. 
in aqueous solution. 

In fee light of earlier remarks on Si, Ge, N, P, and S, it is 
c ear that no generalizations for other elements based on. this 
work with tin would be safe. 
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Liquid Additives with Hydrogen-Hydrocarboa Flames 

Attempts were made to improve sensitivity by combined use 
of alcohol and gaseous hydrocarbon. The hydrocarbon did not 
further enhance the emission already produced by the alcohol, 
while it did somewhat raise the background. Possibly hydrocar¬ 
bon might help at low concentrations of alcohol. If the flame 
excites a chemiluminescent spectrum with aqueous solutions, 
alcohol produces only a normal, moderate enhancement, typically 
threefold. 

Since water is not as finely atomized nor as quickly evapo¬ 
rated in an atomizer-burner flame as are most nonaqueous sol¬ 
vents, it was thought that sensitivity might be enhanced by a 
■wetting agent. In fact, addition of Tergitol Nonionic TMN bright¬ 
ened Sn 2430 by 24%,givingthebestdetectionlimit(about Ip.p.m.) 
observed in any experimentwith aqueous solutions; this was in a 
hydrogen-propane flame with argon-oxygen (66%-34%) for 
atomizing. 

MECHANISM OF CHEMILUMINESCENCE 

Work on interpreting the phenomena described above is still 
ihprogress, and so only a preliminary report can be given. Basic 
considerations havebeenpresentedby Alkemade[3j. The special 
chemiluminescences observed by Egerton [23J, Padley and 
Sugden [59], and Bugrim [14] appear to be quite different from 
those described here, and are apparently due in each case to 
reactions involving hydrogen atoms. 

The phenomena of interest for analytical flame spectropho¬ 
tometry include chemiluminescence of line and band spectra, 
chemiionization (these two occurring only in the reaction zone of 
carbon-containing flames), and enhancement of atomic spectra 
in incandescent flames. Two other useful but unexplained anom a- 
lies are the excessive populations of the ground-state of tin anaoi 
cadmium in the lowest ^Pi state in air-hydrogen without organic 
additives. The degree of dissociation of SnO in air-hydrogen (with 
aqueous solution) shouldbe 0.0001 if the dissociation energy is 5.7 
e.v. whereas the line intensities indicate a dissociation of about 
0 .2.'In oxyhydrogen, however, the tin behaves more nearly as ex¬ 
pected. Cooke [ 40 ] confirms this by absorption measurements, m 

this respect tin seems to be unique among the many elements stud¬ 
ied inflames. The case of Cd 3261 was mentioned earlier, and even 
in oxyhydrogen it is 20 timestoo strong. The homologous Hg 2537 
is about 60 times too strong in air-hydrogen. 

Quantitative Approach 

Recalling the definitions of I and X, we can write for radiative 
equilibrium 
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A 


(1) 


where c is a constant depending on the flame and solvent, d is the 
degree of dissociation or ratio of atomic vapor to total analyte 
concentration, / is the oscillator strength, g is the statistical 
weight of the lower state, E is the excitation energy of the line, 
T is the absolute temperature, X is the wavelen^, A is the 
atomic weight of the analyte, and Q, a characteristic of the 
monochromator, equals PST, a function of wavelength, P being 
the absolute photocathode sensitivity, S the luminosity of the 
monochromator per unit slit width, and T the transmittance. 

The constant c can be found for each flame from the L or I 
values for many lines of many elements; several thousand of 
these are on hand. An assumed value of c is first taken; T is 
then calculated for many values of E, and if a trend is apparent, 
c and T can be adjusted by least squares to remove the trend. 
The chief stumbling block is the lack of adequate data for /, but 
this will he largely removed by the appearance of Monographs 
50 and 53 of the Bureau of Standards, now in press.* Pending 
availability of these Monographs, I estimated fg values, when 
they were not elsewhere available, from the intensities, J, given 
by Meggers, Corliss and Scribner [57], by the equation 

fg = lx 10“^® J 10^ , (2) 

with X in /i and E in e.v. The coefficient was estimated from 
many literature values of /, but uncertainties often amount to a 
factor of 2 or more. 

This approach has yielded preliminary temperatures for the 
air-hydrogen, oxyhydrogen, and oxyacetylene flames, with water 
sprayii^, as produced by the Beckman atomizer-burner: 2240, 
2610, and 2740°K, respectively. The evidence also su^ests the 
following pressures of atomic oxygen in these flames when opti¬ 
mized for a typical element: 0.0003,0.0035, and 0.007 atm., re¬ 
spectively; the first two represent essentially stoichiometric 
flames (allowing for entrainment of ambient air), while the last 
corresponds to a slightly lean oxyacetylene flame, and is Likely 
to vary more than the other two. With these data and with the 
known or estimatedinternucleardistances, vibrational constants, 
and statistical weights, dissociation energies of the gaseous 
monoxides can be calculated from the line intensities [30, p. 144]. 
Some preliminary values are listed in Table 11; these are subject 
to revision when better/-Talues become available. 

*The latter has appeared: Corliss, C. H., Bozman, W. R., "Experimen¬ 
tal Transition Probabilities for Spectral Lines of Seventy Elements," 
Natl. Bur. Standards Monograph 53, Washington, D. C., 1962. 
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Table 11 


Dissociation Energies of Gaseous Monoxides 

Calculated from Line Intensities in A.ir-Hydrogen, 
Oxyhydrogen, and Oxyacetylene Flames 
with Aqueous Solutions 


CaO 

SrO 

BaO 

CxO 


4.4 e.v. 

BeO 

4.6 

AlO 

5.3 

ShO 

4.3 

BiO 


>5.5 e.v. 
5.4 
3.7 
< 3.8 


Enhancemeiit in Incandescent Blames 

As already suggested by Fassel [25], the extraordinary en¬ 
hancements of the spectra of elements with stable gaseous oxides 
inincandescentoxyacetyleneare due to dissociation of the oxides 
in the strongly reducing environment. Taiing Fassel _s estimate 
of the temperature of incandescent oxyacetylene with ethanol 
spraying (290 ()°k:) and my estimate for normal oxyacetylene with 
water (2740°), and allowing for the sheath, a reasonable guess is 
2'700° for the sheathed incandescent oxyacetylene flame. If solid 
carbon is present, the pressure of atomic carton shouldbe 2 x 
10-6 atm [ 32l. If the equilibrium constant of the reaction CO - 
cV 0 is 16 >< 10-'^ [32l,with 40% CO in the flame the pressure 
of atomic oxygen should be 3 x 10^ atm.,and changes l^e 
with temperature. We then conclude that any oxide MO with a 
dissociation energy D notgreater than 8.0-8.5 e.v. (depending on 
the other properties of M and MO) will be extensively dissociated 
at this pressure of O. With the higher temperatures attained 
with etonol solution, higher values of D cm be ^derated. Since 
very few elements have iKMO) as high as 8.5 e.v., all or nearly 
all elements should yield useful concentrations of atomic vapor 
in incandescent oxyacetylene. Even *onum, with ^ • 

e.v., was reported by Fassel to emit a weak line spectrum in 

^^^^NSt^from the data of Table 3 the apparent temperature can 
he found by equation (1) for each element (in water ^ 

assuming complete conversion of analyte to " .2 

and taking c the same as in. ordinary oxyacetylene. [^^hle 
lists these temperatures. The high-energy 
give too high a T, since equation (2) implies 

5alues, Corliss’s normalizing function not ^^vingheen ava lable^ 
Nevertheless, Be 2349, and also Cd 2288, ^jfm^ can 

lines, look definitely chemiluminescent, since the ^ 

hardly he so hot. For the Sn lines, T 

leng:ths; this effect is mentioned again below. As for V, the low 
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Table 12 

Apparent Excitation Temperatures in Sheathed 
Incandescent Oxyacetylene 


Calculated from Line Intensities for Aqueous Solutions, 
Assuming Complete Dissociation 


Be 

3000°K 

Hg 

3200°K 

V 

2500 

Si 

2500 

Re 

2100 

Sn 

2900-3400 

Cd 

3300 




T may be due to poor /-values or to incomplete vaporization of 
lower oxides of vanadium; if T = 2700°, d would have to be 0.15, 
but gaseous VO should be fully dissociated. The Re intensities 
(observed at 2000 p.p.m. Re) imply a concentration of 2 x lO"’^ 
atm. of Re in the flame, and it happens that the vapor pressure 
of Re at 2700° is 3 x 10“^ atm. The weakness of the Re lines 
may thus be due to saturation; a test woiild he very easy. As for 
Si, if I>(SiO) = 8.0 e.v. [5l], d should be 0.1 at 2700° in thisflame. 
Taking T = 2700, the intensities of the six Si lines imply d = 0.17, 
0.11, 0.21, 0.13, 0.09, and 0.14, respectively, with / found by 
equation (2). This agreement suggests that silicon enjoys ap¬ 
proximate radiative and thermodynamic equilibrium in incan¬ 
descent oxyacetylene. 

The apparent chemiluminescence in this flame might be 
e^gplained by a reaction first proposed by Sternberg: 

C + MO = CO + M*; aH° = -11.1 + D(MO) + E(M*) e.v., (3) 

E being excitation energy. The concentration of C is highenot^h 
to make this reaction likely. Energy is sufficient to yield the 
upper state of Be 2349 but not of the higher-energy Be lines, and 
better /-values may corroborate the selective chemiluminescence 
of Be 2349. Spin conservation contraindicates the reaction for 
Be 2349, but the rule is known to fail rather easily, even for light 
elements. Further,Sternberg's reaction is inadequate by nearly 
2 e.v. to excite the Si lines, in conformity with their apparent 
radiative equilibrium. Thereactionshould, however, give chemi¬ 
luminescence with Cd, Hg, V, and Sn. 

These hypotheses can be subjected to extensive testing when 
the complete data of Fassel, Curry, Myers, and Kniseley become 
available. 

Mechanisms in Blue Flames 

One approach is to correlate the populations of the excited 
states with excitation energy. From equations (1) and (2), we 
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can write for thie population of an excited state as calculated from 
tiie observed iatensity, 

C = lAlO-^/c'Q J , (4) 


c' being constant for each flame and solvent. If a Boltzinarm 
distribution can be assumed, C should be proportional to 
^q-5O40 e/t _ Hence a plot of logC vs. £ should give alineyhose 
slope yields T. Utilizing all the Sn lines of Table 1, vie do in fact 
find a consistent Tof about 3000° K, but only if the lines are se¬ 
lected from suitable ranges of X. Taking T - 3000,log C + 1-J 
ought to be constant, aside from expected scatter. Oddly, this 
function shovs a dependence on X (not on 

abruptly below 2500 A., increasing by log 50 between 2500 and 
2100 A. If equation (1) is applicable, it inaplies d - 0.02 above 
2500 A., but d = 1 at 2100 A. This behavior may be due entirely 
to instrumental mi scalibration both in the copper arc of Meggers, 
Corliss, and Scribner, and in my DU spectrophotometer. Ad¬ 
mittedly, intensities in the deeper ultraviolet are l^ar^ideter¬ 
mine absolutely, but a factor of 50 seems out of line. The same 
effect, whatever its cause, may be at work in the mcande scent 
oxvacetylene flame, wherethe shorter-wavelength tin lines show 
the higher T, regardless of E. The intensity data on. other ele¬ 
ments have not yet been evaluated. . . r • * 

Approaching the problem now from the point of view of re¬ 
action mechanisms, we can, thanks to recent basi^c work by 

various investigators, formulate a simple hypothesisthat appears 

to account for all observations accumulated to date, alttongh it 
does not yet explain the relative line intensities quantitatively. 
Fenimoreand Jones[26] find that the carbonmonoxidemmetoe 
flames is formed chiefly from O (and not from O 2 , 0 H, or HjO). 
The O can react with CH 3 or other radicals; there are a grea 

many possible reactions [15,27,58,65]. 

Next, the most abundant positive ion present in the reaction 
zone of chemiluminescent flames is nowkno'^ to 
22 , 58 ,66],accounting typically for 90%of the ions. (The ne^tiye 
ions are practically all electrons.) The H3O cam origi^te m 

the followiipg way, starting with CH as a typicalradicalil5,27,b5j. 


CH + 0 = CHO" + e-; AH" = Okcal./mole 


(5) 


or 


CH*+- 0 =* CH0^4- e ; o A \ 

Aff° = -65 to -91 kcal./mole (-2.9 to -3.9 e.v.) 


CHO^ + H 2 O = H 3 O+ + CO; 

AH° = +23 kcal./mole (+1.0 e.v.). 


(•7) 
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The excited CH* can be in a ^A, , or state (2.9, 3.2, or 

3.9 e.v.) in -which it emits thelamiliar 4315, 3889, or 3145 A 
bands, respectively. Although this route is simple and probable, 
Mukherjee et al. [58] are inclined to discount the importance of 
CHO-^ as primary ion, favoring COOH+, which is a better proton 
donor. Van Tiggelen [ 66 ] reported COOH+ only in air-acetylene 
with chlorine compoxmds. 

In any case, the H 3 O+ carries indirectly the energy of for¬ 
mation of CO from CH, since the difference of their dissociation 
energies is 7.7 e.v., while the sum of reactions (5) and (7) is 
endothermic to the extent of 1.0 e.v. (Calcote [is] gives +41 
kcal./mole for reaction (5) and Fueno et al. [27] give +39 kcal./ 
mole, but these are based on older values of the heat of sublima¬ 
tion of graphite; Sternberg [65] prefers 0 kcal./mole for reac¬ 
tion (5).) The over-all reaction is then 

CH + O + H 2 O = H 3 O+ + CO + e-; 

AH° = +23 kcal./mole (+1.0 e.v.). ( 8 ) 

Subtracting the dissociation energy difference of CO and CH, we 
get 


H 3 CT- + e- = H 2 O + H; 

AH° = -201 kcal./mole (-8.7 e.v.). (9) 

The hydronium ion is thus highly unstable with respect to 
dissociative recombination, but the excessive energy cannot be 
readily liberated without the help of a third body to carry it off 
in some form other than translation. 

Chemiionization 

The hydronium ion might produce ions of the analyte by any 
of the following reactions: 

H 3 O+ + M = ivr + H 2 O + H; AH° = -8.7 +i(M) e.v. (10) 
H 3 O+ + MO = M+ + H 2 O + OH; 

AH° = -13.1 +i(M) + D{MO) e.v. (11) 

H 3 O+ + MOH = M+ + 2 H 2 O; 

AH° = -13.8 + i(M) + i)(MOH) e.v. (12) 

H 3 O+ + MO = MOH+ + HjO; 

AH° = -13,1 - i)(MOH) +i)(MO) + J(MOH) e.v. (13) 

Here 1 means ionization potential. 
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Reaction (10) accounts for the chemiionization of sodium, 
according to Padley and Sugden [6l], "but it is at variance 
some of the observations on the presence or ° 

ions in the oxyhydrogen flame vrith naphtha, vis.,those of Ti, Co, 
S cd ReJtlL (A), however 
tions for all observed cases, and seems to be 
cause of the chemiionization of analyte introduced into the flame. 
Table ?3Thoivs a test of reaction (11), taken from the v/ork of 
Buell f 111 for ion lines in the oxyhydrogen-naphtha fl^e of all 

PthiiHinp- acauisition of Brewer's table of D(MO) L7J, some oi tne 
iX rSiaii dubious. Chromium demands further scrutiny, and 
SfcSe XcoSaS seems odd. H MCoO) is high enough (5.2 e.v.) 
to prevent ionization, then the Co 

weS^er than those of Pe and Ni in conventional flames, but this 

IS q2 ) can certainly also account for ionization, but 

dataSSoH) are very scanty, andprobably only a few elements 
have sufficiently stable gaseous hydroxides to enter signtiic^tiy 
into this reaction. No data are available for testing reactionClS), 

Table 13 

Ionization in the OiQ^hydrogen-Naphtha Flame 



SSSSc 5.“ visibly be ionised, deeplt. Its very Mgh I. 
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but it seems like a probable source of such ions MOH"^ as are 
known to exist. 


Chemiluminescence 

Of the various reactions that might be written to account for 
electronic excitation in the reaction zone, the following are sim¬ 
ple and probable: 

H 3 O+ + MO + e- = M * + H 2 O + OH; 

AH° = -13.1 + D(MO) + E{M) e.v. (14) 

HgO'^ + M + e“ = M* + HjO + OH; 

AH° = -8.7 + E(M) e.v. (15) 

At this writing, reaction (14) best fits the observations. It is 
exothermic or thermoneutral for the most highly excited observed 
line of each of the 28 elements thus far known to chemiluminesce 
in atomizer-burner flames. As an example, in the case of zinc, 
although the spectrum of ZnO has not been observed in flames 
except under very special conditions by Egerton [23], the occtir- 
rence of Zn 2515.8 {E = 9.00 e.v.) in oxyhydrogen-naphtha [11] 
points to the intermediation of ZnO according to reaction (14). 
At the same time, the high D of TiO, VO, SiO, and GeO limits 
AH°of reaction (14); and, conformably, the chemiluminescent 
spectra of these elements show lower maximal E than do those 
of neighboring elements with higher AH°. 

The concentration of H 30 ''‘ in the reaction zone is about 10“® 
atm. [ 66 ], so that a molecule of MO will strike a HaO'*' once per 
miUisecond. Since they may pass through the reaction zone in 
10~‘* sec., most of the MO molecules will never strike a H 3 O+. 
This is not in conflict with the tentative value d = 0.02 foTind 
above for Sn in air-hydrogen-alcohol, or with the fact that the 
thermally excited spectrum of MO (e.g., SbO, SnO) is little af¬ 
fected by the chemiluminescence of M, except in cases (NO, PO) 
where excited atoms are not observed. It is conceivable that high 
concentrations of analyte could deplete the H 3 O+ and thereby 
cause departures from linearity of the working curve. Such an 
effect has not yet been observed, at least up to 3000 mg./l. of 
tin [63]. 

Comparison of Agents Causing Chemiluminescence 

It seems inescapable that the energy of chemiluminescent 
excitation in these carbon-containing flames, regardless of the 
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exact route, is derived from the difference between the dissoci- 
Soa of CO aad the carboa hand eaerp of the 

compound introduced into the flame. Sinailarly, Van Tigge e 
f56l concludes that the chemiionization in these flames results 
from the formation of the double C=0 bond, and that if the carbon 
is thus bonded at the start, no ionization occurs. 

Consider the following sequence of dissociation enerpes. 
CCl 3.4, CH 3 . 5 , CF 4.6, CN 7.6, CS 7-9. CO 11 1 
in which the carbon is bondedprimarily to Cl, H. F, N, b, or 
elicitchemiluminescence and ionization decreasing in that order. 
C-Cl compounds (e.g., CCI 4 ) produce strong ionization ^d seem 

aboutas effective as C-H compounds in producing chemilumines¬ 
cence. NTothing is known of CF 4 . C 2 N 2 
little or no ionization or Imninesceace 132,49,65,66] 

D(CN1 = 3 5 e.w.; DCCO) - D{CS) = 3.2 e.v.). CO causes none at 
S! and tither’ does ECHO [38,66]; CsOa and HCOOE give no 
ionization [ 66 ] (they have not been tested for ehemilummes- 

’close correlation exists between chemiionizatim and 
chemiluminescence also among the C-Hcompomds. The 
of acompomd for producing ionization in 

detector for gas chromatography can he described in ternasof the 
effective carbon number contribution to the current, as shown y 
Sternberg, Gallaway and Jones [65]. This ni^her 
ylenic carbon, 1.0 for paraffinic and olefmic carbon, J-9 
carbonyl carbon, - 0.6 for the oxygen m a primary 
for the oxygen in a secondary alcohol, and - 0.12 for (niultiple) 
cLSL S an aliphatic carbon. This agrees with the observa¬ 
tions that acetylene produces a 

than propane, propylene, or natural gas, while these three are 
very much alike; that gasoline and naphtlm are " 

cohol (in which the oxygen atom competes for one of the ca^on 
atoms); that alcohols are a little better than acetone (in which 
SS carbonyl is useless); and that carbon tetrachloride 
methyl chloroform are similar to isopropanol. The 
viscosities of these liquids evidently do not affect the compar- 

‘““"Tte’lta^eclpamUellsm between the chemllmninescence 
and the intensity of the CH bands, both locally in a given fl^e 
Samong flamiswith different a<iditives,foil js fr^ 

( 5 ) and ( 6 ). On the other hand, since C a is not directiy involve 

in this sequence of chemiluminescent reactions, its emission 

doelnotshow as close a relation. 

that CH, CHO+, and H 3 O+ are the principal agents 

genous additives such as cyanogen. One 

other reactions proposed by various authors [15,27,58,65] may 
then talse over. 
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EXTREME ULTRAVIOLET SPECTROSCOPY 


B. Vodar 

Laboratoire des Hautes Pressions 
CNRS, Bellevue (S^ & 0.) France 


The vacuum ultraviolet spectrum extends from the beginning 
of the absorption of oxygen near 2000 A (5 >< 10"* cm”^ or about 
6 eV) down to the wavelength region where crystal diffraction 
X-ray techniques are easily applicable, that is about 10 A (10^ 
cm“^ or about 1200 eV). 

This spectral range is characterized by the practical nec¬ 
essity of placing the whole apparatus in vacuum, because not 
only oxygen but all .other gases including rare gases exhibit 
strong absorption regions; it is also characterized by the lack 
of transparent materials (in bulk thickness at least). The lowest 
transmission limits are those of calcium fluoride (1250 A) end 
of the Schumann region) and lithium fluoride (1050 A). There¬ 
fore reflection concave gratings are the essential dispersing 
instruments; under normal incidence reflecting power becomes 
so low at shorter wavelengths that the useful range ends at about 
500 A (limitof the Lyman region); for shorter wavelengths graz¬ 
ing incidence is generally used together with more powerful 
sources (Millikan region). 

Progress in the spectroscopy of the vacuum ultraviolet, 
which was rather neglected for a long time, was important in 
the past ten or fifteen years due mainly to three factors: 

—Geophysical and astrophysical interest connected with the 
extension of the solar spectrum first below the absorption limit 
of ozone (2900 A), later below the limit of oxygen (1850 A), and 
finally down to the X-ray range (20 A); in particular the photo¬ 
chemistry of the upper atmosphere is produced by the energetic 
vacuum ultraviolet photons and more information on molecular 
spectra and photo ionization yields is required. 

—High temperature plasma research is directly related to 
the study of the short wavelength part of the optical spectrum, 
where the energies lie, expressed in degrees Kelvin, between 
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about 5.10 K and 10 °K; in that respect much new informa¬ 
tion is obtained from the vacuum ultraviolet emission spectrum 
of astronomical sources like the sun. 

The vacuum ultraviolet constitutes a wide, until recently 
almost unexplored, region for absorption and emission spectro- 
chemical analysis: some recent developments like the analysis 
of metalloids by emission spectroscopy have led recently to 
some industrial applications. 

Finally, the development of modern vacuum technology 
helped greatly in the design of improved laboratory instrumen¬ 
tation for far ultraviolet spectroscopy. 

We will not attempt to present even briefly a consistent re¬ 
view of the subject, as a very important part of recent progress 
l^s been made in the USA, in particular for geophysical applica¬ 
tions, and are described in the paper presented by Dr. Chubb. 
In the oral presentation we described essentially the subjects 
which were studied at Bellevue with some references to the work 
of others, when connected to the discussed topics. In the present 
paper we will restrict ourselves to a brief description on the 
contribution from Bellevue which was never so far published in 
the American literature. 

A general survey of the present status of far ultraviolet 
spectroscopy is constituted by the whole set of papers contained 
in the "Proceedings of the First International Conference on 
Vacuum Ultraviolet Radiation Physics” organized last April by 
Dr, G. L. Weissler at the University of Southern California, and 
which will be published in full shortly in the J. Quant. Spectros¬ 
copy. Classical references on vacuum U. V. spectroscopy may 

be in [1 ] and [62 ], in which is mentioned a review paper 

byE.C.Y. Inn. 

Our activity in the spectroscopy of the vacuum ultraviolet 
started just after the war and was associated with the following 
names: J. Romand, Mme. Damany-Astoin, Schwetzoff, Mme. 
Joh^m-Gfilles, Mme. Granier, Mme. Robin-Solomon, Mme. 
Robm-K^dare, Melle. Balloffet, Roncin, Schwob, Chandrase- 
laaran Chameroy and Lotte. Some indications will be given on 
the work done at and/or in association with the C.E.A. (French 
Atoniic Energy Commission) at Saclay (Julliot) and at Fontenay 
T Breton); work done in association with 

me i.K.t).l.D, (Research Institute for the Steel Industry) at St. 
Germain will be presented (Berneron). 

Several subjects will be successively discussed; it is pointed 
out that, as none of the subjects was covered as extensively as 
It was desired at our laboratory, only a brief description of each 
of them will be adequate.* 

*More details on older work are given in [62]. 
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EXPERIMENTA-L METHODS 
Light Sources 

Ordinary sustained gas discharges of the hydrogen lamp 
type were used essentially down to about 1000 A; a wtndowless 
high intensity lamp was designed [2, 3],whose main features in¬ 
clude water cooled electrodes, and in which the slit is not used 
as an electrode. 

More original sources were developed for the shorter wave¬ 
lengths region. These sources are high vacuum sparks of vari¬ 
ous novel designs. They are to be described in the paper pre¬ 
sented by J. Romand [4], and, as already said above, only brief 
remarks on these sources will be made here. Our work started 
in 1950 when we found [5, 6, 7] that a spark can be operated 
satisfactorily under a high vacuum provided that the discharge 
is propagated by surface ionization on a suitable insulator or 
semiconductor ("vacuum sliding spark”). The next step [8, 9] 
was to use this vacuum sliding spark for triggering the break¬ 
down of another vacuum gap ("three electrode triggered vacuum 
spark"). Both of these sparks are reproducible and relatively 
stable pulsed sources (see Figure 1), producing high ionization 



Figure 1 
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degree spectra like, for example, the Ovi spectrum; when used 
with heavy metal electrodes they emit a many line spectrum 
down to the limit of our grazing incidence spectrograph (about 
100 A). Such many line spectra (emitted by uranium for example) 
were used as a background for studying continuous photoioniza¬ 
tion absorption spectra of gases in the extreme ultraviolet, and 
for studying absorption spectra of some solids. In emission 
these sparks had been applied to analytical spectrochemistry 
(detection of metalloids). 

Recently a modification of the three electrode triggered 
vacuum spark permitted obtaining an intense continuous spec¬ 
trum [10, 11] extending from the visible down to the limit of our 
direct observations (80 A) and even possibly down to the soft 
X-ray range. It is hoped that this source can help the develop¬ 
ment of higher resolution spectroscopy in the whole range of 
the vacuum ultraviolet (see Figure 2). 

In Figure 3 is reproduced a microphotometric recording 
of the absorption spectrum of nitrogen (upper curve) taken with 
this source; the lower curve corresponds to the spectrum of the 
source, which appears as a clean continuum, practically without 
emission or absorption lines. More detailed information on the 
development of vacuum sparks at Bellevue can be found in [4] 
and in the paper presented at this Conference by J. Romand, 
Melle. G. Balloffett and B. Vodar. 

Photographic Spectrophotometry 

Both photographic and photoelectric spectrophotometric 
mettods were used. For photographic spectrophotometry the 
calibration of the sensitive emulsion was checked by wire 
screens [12, 13], in the case of a grazing incidence spectro¬ 
graph, where the angular aperture of the beam is small, the 
screen used was a fine mesh electron microscope wire screen 
placed near and behind the slit [7]. 

Elimination of Spectra of Different Diffraction Orders 

In the case of a many line spectrum (as produced for ex¬ 
ample by a vacuum sliding or triggered spark) and a grazing 
incidence spectrograph the identification of lines is difficult. 
Prism predispersion, as used for instance by Herzberg, is not 
appUcable in the shorter wavelength range below the limit of 
lithium fluoride transmission. Therefore we proposed [14] and 
used a simple method which helped us considerably, i.e., the 
use of the so-called "external" total reflection on a mirror; 
wavelengths shorter than those corresponding to the cut-off 
limit are much less intensely reflected in the ease of our tests 
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Figure 2 


on £L grazing incidence spectrograph having intense second and 
fourth order spectra; we were able to reduce greatly tte ^ten¬ 
sity of the second order and to eliminate completely the fou^ 
order bythe use of one single reflection, thus makingtte identi¬ 
fication of the firstorder spectrum much easier over Ihe studied 
range eictending from 600 to 800 A. This method or its various 
possible extensions can also he helpful in the case of a continuous 
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Figure 3 

spectrum, where overlapping is a very serious problem. Grat¬ 
ing, predispersers [15], as used by others, are certainly very 
interesting, but obviously do not solve simply and entirely the 
problem, as the grating relation applies equally to all gratings, 
and therefore the elimination which may be observed relies only 
on a special distribution of intensities in the different orders. 
It seems for that reason that "total reflection filtering" might 
be a useful simple method. 

Silicon Monoxide Films as Windows or Transparent Substrates 

Thin organic films,such as collodion films,are transparent 
utnot thermally stable; therefore we looked for thermally more 
resistant and studied films made of evaporated silicon 

monoxide [16J which are transparent down to about 120 A and 
can withstand a pressure difference of a few mm of mercury. 
They may be used as substrates for evaporated solid materials 
or as windows for absorption cells. 

Photoelectric Receivers 


Until recently mostly ordinary commercial photomultipliers 
were used in coinbination with the fluorescent screen method 
(sodium salicylate) [3], in which the screen placed in vacuum 
converts the vacuum ultraviolet light to visible or near ultra¬ 
violet light that reaches the photomultiplier through a glass or 
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q^uartz window. Recently, JulLiot and co-workers atC.E.A. 
(Saelay) have studied some organic phosphors and found that 
vacuum evaporated terphenyl was 50% superior to the conven¬ 
tional sodium salicylate layers [18]. It may be recalled here 
that, at an earlier stage, thin bubble quartz ("Homosil") window 
magnetic photomultipliers were built and tested [19, 20]; whereas 
their range was limited by the transmission limit of the window 
(1450 A), they seem to have been the first photomultipliers di¬ 
rectly sensitive in the near Schumann region; their signal-to- 
noise (or rather background) ratio was better than in the fluo¬ 
rescence method. Because of this latter result, and mainly 
because of the detailed data published in the USA on windowless 
photomultipliers, more recently electrostatic photomultipliers 
of this type were developed by Julliot and coworkers at the C.E .A. 
(Saelay) and they have been tested partially in collaboration with 
us [18]. A description of these photomultipliers was included in 
the program of this Conference. They are composed of a wide 
Venetian blind photocathode followed by an electron condensing 
system, a number of electrostatic copper-beryllium dynodes, 
and a collecting anode, a few different metals were tested as 
materials for the photocathodes. 

Figure 4 shows the sensitivity of a windowless photomulti¬ 
plier of this type (with a gold cathode and oxidized CuBe cathode) 
with respect to the fluorescent method (with terphenyl combined 
with a commercial photomultiplier from "Radio-technique”); in 
addition the response of a Bendix windowless photomultiplier 
with a stainless steel cathode has been incorporated in this fig¬ 
ure; it is clear that the direct reading photomultiplier is supe¬ 
rior in regard to the signal-to-background ratio. 

Such windowless photomultipliers are utilized in a multi¬ 
channel direct reading analytical normal incidence concave 
grating vacuum spectrometer; they have been applied also to 
multichannel time-resolved spectroscopy with the same spec¬ 
trometer; for both of these applications the photomultipliers are 
moxmted as shown in Figure 5 behind a number of exit slits of 
the spectrometer. 

EMISSION ATOMIC SPECTROSCOPY (ANALYTICAL 
APPLICATIONS AND PLASMA PHYSICS) 

Both of these applications are based on an extension of the 
well known Meggers rule which was proposed [25, 22, 21 ] and 
verified experimentally, and according to which the most intense 
line of an element corresponds to an s-p transition either of a 
neutral atom or of the ion having only one electron left on the 
outer shell (hydrogen-like ion, for example Oyi). According to 
the Balmer formula, these spectra for most of the elements 
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correspond to high energy transitions lying in the vacuum ultra¬ 
violet. The lines of some nonnaetallic elements "which, corre¬ 
spond to such transitions are listed on Table 1; it was verified 
e3q)erim^ntally that these lines are indeed the most sensitive 
and the most intense lines of these elements [22]. 

^ It is well known that emission spectrochemical analysis of 
solids was generally limited, in the usxial spectral ranges, to 
metallic elements. By extending the spectral range to the long 
wavelength part of the Schumann region (down to 1600 or 1500 A) 
"witta usual spark in argon gas, and a window between the source 
and the vacuum spectrograph, it was possible to reach more in¬ 
tense lines of neutral atoms of C, S and P and to analyze these 
elements. This procedure is used presently, as it is well known, 
m a number of commercial instruments. On the other hand, by 



EXTREME ULTRAVIOLET SPECTROSCOPY 225 

Table 1 

Wavelengths of Sensitive Lines 


Element 

Carbon 

Ritrogen 

Oxygen 

Fluorine 

Degree of ionization 

IV 

V 

VI 

vn 

2s^S^ - 2p^P3/2 

1548.195 

1238.800 

1031.912 

883 

2s^S^ - 2p^P^ 

1550.768 

1242.778 

1037.613 

891 

Degree of ionization 

in 

rv 

V 

YI 

2s^ - 2sp *Pi 

977.026 


IBhUhI 

535.204 


Element 


Phosphorus 

Sulfur 

Chlorine 

Degree of ionization 

IV 

V 

VI 

VII 

3s^ - 3p ^P3/2 

^ 1393.73 

1117.979 

933.382 

800.698 

3s 2 Sy - 3p 

1402.73 

1128.006 

944.517 

813.002 

Degree of ionization 

rn 

IV 

V 

VI 

3s^ - 3sp 

1206.52 

950.669 

786.476 

— 


Element 

Germanium 

Arsenic 

Selenium 

Bromine 

Degree 

of ioniz;ation 


V 

VI 


4s' Sjj 

- 1*3/2 

1188.99 

967.69 

844.15 

j 736.09 

4s' Sjj 

- 

1229.81 

1029.50 

886.82 

779.58 

Degree 

of ioniziatiou 

in 

IV 

V 

VI 

4s' 'So 

- 4sp 

1088.46 

892.68 

759.11 

661.05 




Element 

Tin 

Antimony 

Tellurium 

Iodine 

Degree of ionization 

TV 

V 

VI 

vn 

58^ Sjj 

- 5p' P 3/2 

1314.45 

1104.32 

951.01 

? 

5s2 

-5p' 

1437.63 

1226.00 

1071.40 


Degree of ionization 

ni 

IV 

V 

VI 

58 * ‘Sj, 

-5sp 'P° 

1251.43 

1042.21 

895.20 

— 







































226 


SPECTROSCOPY 



using a sliding or triggered vacuum spark,the excitation energy 
is higher and no window is rectuired; therefore there is no limi¬ 
tation towards the short wavelengths and, as may be seen in 
Table 1, not only the analysis of C, S, and P [23], but also the 
analysis of gases like N and O is possible [24]; for example 
Figure 6 shows the results obtained for nitrogen in steel samples 
by direct reading photoelectric photometry; quantitative analysis 
of N and O in steels and titanium [24] can be made down to 100 
ppm (0.01%) or even lower concentrations (on Figure 6 the lowest 
point corresponds to 5 ppm); Figure 4 shows also that the win¬ 
dowless photomultipliers (upper curve) give better results be¬ 
cause they are less sensitive to stray light. Similar but less 
detailed data have been obtained for the analysis of various 
metalloids including halogens [26, 22] in some oxides as well as 
in some semiconductors (oxygen in cadmium sulfide single crys¬ 
tals). It may be added here that high ionization lines of the rare 
gases (neonVjij) were obtained in Israel by Frankel and co¬ 
workers [27] with the triggered vacuum spark using a gas satu¬ 
rated anode. 

Time-resolved spectroscopy with simultaneous recording 
of tte intensity versus time of several vacuum ultraviolet Lines 
[28] was developed at the C.E.A. (Atomic Energy Establishment) 
at Fontenay aux Roses in collaboration with our group. The one 
meter direct reading normal incidence grating spectrometer 
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(see Figure 5) was used, mainly, so far, for detecting impurities 
in high temperature plasmas, like the one produced in the toroi¬ 
dal apparatus called TA 2000. An example of the detection of 
nitrogen is given in Figure 7 for lines of various ionization de¬ 
gree (from Nil to Nv); when nitrogen is injected from the walls 
intothe discharge hy an arcing process, the behaviour is erratic 
in intensity and in time; when nitrogen is added purposely, one 
notes that then the lines appear earlier and their behaviour is 
more reproducible; it may be noted also that higher ionization 
lines are consistently delayed with respect to the lower ioniza¬ 
tionlines. This seemsto be in agreement with a purely electronic 

excitation process of the plasma. This delay is shown more 
clearly in the case of several lines of oxygen ranging (from O n 

to Ovi (Figure 8)). ^ t a 

The grazing incidence spectrograph was also used tor de¬ 
tecting impurities in the same TA 2000 plasma. Over the 
tral range of this apparatus it was possible to detect not onlyO 
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but also Si, in the case when a silica probe (for field measure¬ 
ments) was present in the discharge; the shortest wavelength 
line detected was a SiX line at 51 A. 
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CONTINUOUS ABSORPTION OF GASES IN 
THE EXTREME ULTRAVIOLET 


These investigations were exclusively performed by photo¬ 
graphic spectrophotometry with a grazing incidence spectro¬ 
graph and as a source the sliding vacuum spark or the triggered 
vacuum spark. The gases to be studied were directly introduced 
into the body of the spectrograph, ^,nd the pressure vras meas¬ 
ured with diaphragm manometer of high sensitivity and accu- 
spectral range of these measurements extended from 
1000 to about 100 A. Therefore our work in this field simply 
extends to shorter wavelengths the numerous results obtained 
by others, namely by American scientists and in particular by 
Weissler and coworkers. 

The following gases have been studied [1, 29]: Ns^NOjN^O, 
H 2 O, D 2 O, CO 2 and CH OH; oxygen is being presently investi¬ 
As many of these results are old and have been published 
in full, we will only give here three examples. 

The spectrum of nitrogen [30, 29], as obtained from our 
measurements, is reproduced in Figure 9. As the background 
used for obtaining these data is a many line spectrum, the ab¬ 
sorption coefficient is measured for each line; therefore no 
s ructureof the spectrum canbe resolved,and the onlymeaning- 
ul points are the lower ones, which should correspond to the 
continuous photoionization absorption. From the curve cor re- 
sponding to these points are deduced the photoionization discon- 
tmuities and the photoionization potentials. At the time of this 
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publication [30] the following assignoieats were given (some of 
them tentatively only) to the observed potentials. 


127,000 em-i (15.6 eV) first potential of N 2 (see Weissler) 
152,000 cm-i (18.9 eV) second potential of Nj (see Weissler) 
197,000 em-i (24.5 eV) (4S) h- N (3P)~ 

N-'j (C^ 


or 


340,000cm“‘ (42 eW) N (2P) + N + (3P) 


loaization with or 
without 'dissociation 


or Nj -1-+ 7 



for N(2P) f (4P) 


The absorption spectriam of CO 2 [31] is given in Figure 10 
behveen lOOO and 160 A and compared -with the data of Sun and 
Weissler[32],with vfhieh there is goodagreementinthe common 
range. 

The corresponding ionization potentials are; 

144,000 cm"*- (17.8 eV) 2nd I.P. (the first one being at 13.7 

eY, outside the range of our meas¬ 
urements) 
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Figure 11 


240,000 cm-i (29.8 eV) C+(2P) + 20 (4S) or more likely 

CO'*' (B^+) H-O (D), similar to the 
process found for N 2 O 

340,000 cm-i (42 e'V) C + 0'*+ O (?) 

600,000 cm ^ (74 e'V) certainly a double ionizationprocess 

Figure 11 gives similar results for CH 3 OH [33] between 600 
and 160 A, and their comparison with the Ogawa and Cook [34] 
data. The following tentative assignments were made for the 
ionization potentials: 

14.3 eV Ionization of the y’ orbital of the 0-C bond 

Calculated value according to Mulliken: 16 eV) 

17.6 eV z'orbital of OH (calculated by Mulliken: 17.5 eV) 

20.8 eV s orbital of CH 3 (calculated by Mulliken: 22 eV) 

24.3 eV CHaOH*^ + H(2P) 

or CH 3 + 0(^S) +H(^S) 
or COH'*' + H 2 - 1 - H(2P) 

2S electron in O 2 (Mulliken: 32 eV) 


31 eV 










EXTREME ULTRAVIOLET SPECTROSCOPY 


233 



37.5 eV doable ionization 
53 eV double ionization 

It may be remarked that the theoretical values [35] are 
generally in fair agreement with the experimental ones, but that 
they are somewhat higher, probably because environmental ef¬ 
fects Tvere ueglected in. these calculations. 

ABSORPTIOISI SPECTRA OF CONDENSED 
GASES AND VAPORS 

Several years ago an optical cryostat, similar to the one 
used by Thomas at Gottingen, was built [36] and some data were 
obtained on the absorption spectra of solid O 2 [37J,N2O,N0 [otij 
and CeHe down to liquid hydrogen temperatures in the Schumann 

region. . , t a 

Formation of NO by photo dissociation of solid N 2 O was de¬ 
tected [40]; this result, which may be regarded as the formation 
of frozen species in a solid matrix, is being reinvestigated pres¬ 
ently by the method of condensation on a cold window, as devel¬ 
oped by Broida and by Pimentel. 

Studies on the spectra of solids are of particular interest 
for us, as they can be connected with the general problems of 
pressure broadening, shifts and induced absorption, which are 
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being studied in compressed gases up to densities reaching the 
density of the solid phase. 

Because of the complexity of the interpretation of such phe¬ 
nomena in dense media, we can only give here a few examples 
and conclusions of a qualitative nature. 

For NO and Oj there is a very likely association in the 
solid state. At least the spectra are completely different from 
those of the free molecules, and shift to longer wavelengths 
("red” shift). 

In the case of benzene [41] the results are rather complex, 
as shown on Figure 12. This figure corresponds to the "for¬ 
bidden" transition Ig^^Biu at 2100 A in the vapor, and to 

the allowed transition ^Aig ^ at 1850 A in the vapor; curve 
A refers to the vapor; curve B to the pure solid at 77°K, and 
curve C to benzene frozen in methylcyclohexane at 77°K. One 
observes a red shift from the vapor to the solid phases. Other 
conclusions are given in the original papers [41, 42]. 

The opposite shift, a blue shift, was found in the case of 
ICH 3 and similar bromine and chlorine compounds [43, 42]. 
This is probably at least partly due to the polarity of the hydro¬ 
gen halide molecules in the ground state; as a matter of fact, if, 
in the excited state the polarity is suppressed or reduced, the 
net effect of the polar interactions is to shift the spectrum to 
higher energies ("blue" shift). 

The question of what happens to the Eydberg lines in dense 
states is not definitely answered by our results; these lines are 
completely absent at 77°K but at 20‘’K it seems that some 
structure comes out. It may be assumed provisionally that the 
Rydberg lines merge in a continuum, but further work at lower 
temperature and in rare gas matrices appears necessary, and 
is now in progress. (A study of atomic species trapped in con¬ 
densed matrices was started to complete the investigations car¬ 
ried on by McCarty and Robinson [45] and Dressier and Schnepp 
[30].) Figure 13 exhibits the results on the 2nd resonance line 
of mercury trapped in isopentane and argon at 20 °K [44]. The 
line is broadened to a band. It may be remarked here that in 
the gas phase a broadening and an "induction" of satellites were 
observed [46]. The band in the solid seems to correspond to 
one of these satellites. These satellites are not well under¬ 
stood [47, 48, 49] but they are evidently due to close range 
interactions; the data obtained in the solid phase, where the 
bands are sharper, may contribute to a better understanding of 
satellites. It should be noted also that in the isopentane matrix 
a structure of the band is observed, which may be due to a cou¬ 
pling of the electronic transition in mercury with the frequency 
of one of the vibration modes in isopentane. Results similar to 
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these obtained with frozen atomic species might possibly be ob¬ 
tained with sharp electronic transitions in molecules, which are 
quite frequent in the vacuum ultraviolet (lone electron spectra). 

Asa conclusion to this section one must mention the inter¬ 
esting results obtained more recently by other workers, and 
which were presented at this Conference by Dressier [50J. In 
particular one should note that a fine structure was detected, 
for example in the case of oxygen; this new and important ob¬ 
servation was possible because rare gas matrices (and not pure 
solid oxygen) were used and because the temperature was lower. 

REFLECTION AND ABSORPTION OF SOLIDS 

Reflection and absorption spectra of a few solids, in bulk 
state and in evaporated layers, were studied in various spectral 
regions, varying from the visible to about 100 A. 
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1000 1200 1400 Xi 1600 


Figure 14 


(1) Reflecting powers of some solids were studied between 

^ several years ago by Mme. Robin Solomon 
[51, 52J, by a method involving two measurements made at two 
different angles of incidence [51], with photoelectric receivers 
and a 1 meter normal incidence monochromator, 

(2) More recently some work was carried, with the same 
equipment, for determining the optical constants of evaporated 
MgFa. The method used [53, 54] is the following: one evapo¬ 
rates a wedge of MgF 2 onto a certain substrate (glass for ex¬ 
ample); the thickness (y) versus length (x) of this wedge is meas¬ 
ured by usual interference methods, the wedge is mounted behind 
the exit slit of the monochromator and the reflective power near 
normal incidence is measured as a function of the displacement. 

ssuming that the absorption of the MgF 2 layer is not large and 
t^ing into account only two interfering reflected beams, from 
the reflected intensity curve versus the thickness (y), one can 
gi'aphically the refractive index u, the extinction index k 
and the reflective power p (Figure 14). This method is inde¬ 
pendent of the optical constants of the substrate; this point is, 
m our opinion, important because the optical properties of a 
surface are, in the vacuum ultraviolet region, very sensitive to 
many factors. As it can be seen in Figure 14, the extinction 
index IS much larger, outside of the high absorption region, than 
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Figure 15 


for the bull?: siagle crystal. Whether this is due to some possi¬ 
ble impurities introduced during evaporation or to structura.! 
properties (possibly scattering) of the evaporated layers is not 
yet established. On the other haad, avariatioa of each constaat 
as a function of the thickness of the layer (different positions of 
the wedge) was found; the method is particularly convenient lor 
studying such thickness effects. 

(3) Mfme.Robin-Kandare performed a systematic study of 
some semiconductors Ge, Si, Se, Te [55, 56]. Reflection and 
absorption spectra of evaporated layers and in certain cases of 
hnlli: single crystals were obtained, fhe spectral range which 
was covered eictends from the visible down to lOO A (but reflect¬ 
ance measurements were not made below lOOO A). 

We will here briefly mention some of the results obtained 
from these investigations. 

High reflectance was found for silicon, confirming the re¬ 
mark which was already made by Lyman in his book [57]. The 
importance of the surface structure (and probably of the oxide 
layer) is demonstrated on Figure 15: curve (A) corresponds to 
an optically polished silicon single crystal; whereas curve (B) 
was bhtained with an etched and suhseq[uently Lightly polished 


238 


SPECTEOSCOPY 


surface. This result seems to have a general meaning: the re¬ 
flective power is high only if the "amorphous" surface layer is 
not too thick. For bulk materials etching improves the reflec¬ 
tive power (as shown on Figure 15) while for evaporated layers 
an adequate heat treatment prior to exposure to the atmosphere 
produces a well developed crystalline structure; and the reflec¬ 
tive power of this crystalline layer may be also quite good. Ex¬ 
posure to the atmosphere before heat treatment prevents the 
crystallization of the layer, as was shown by reflected electron 
diffraction patterns; under these conditions the reflectance re¬ 
mains poor. 

Evaporated germanium was found to be also a reasonably 
good reflector, and as it is easier to evaporate and less 
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sensitive to aging in air, it was used practically in optical parts. 
Evaporation conditions were shown to affect tremendously the 
reflectance of germanium layers; in particular, when evaporat¬ 
ing from tantalum heaters, reflectance of germanium depends 
on the temperature of the heater; very high reflectances can be 
obtained for high temperature (faster) evaporations, Figure 16, 
but they are rapidly, because, possibly, of contamination by 
tantalum* For germanium films prepared by electron bombard¬ 
ment heating, the reflectance is not so high as the reflectance 
of the interference films described by Hass and Tousey [58] but 
it exhibits a reasonable value over a large spectral range. We 
used successfully germanium coating of Bausch and Lomb rep¬ 
lica gratings, after their aluminium layer was stripped off. 

In absorption generally only amorphous layers were studied. 
The substrate was a thin film of plastic (^^parlodiun’^) and 
therefore no heat treatment was possible. Selenium, according 
to Givens [59], can be crystallized at moderate temperatures by 
evaporation onto a very tiiin tellurium layer; therefore selenium 
was studied in absorption both in’’amorphous” and in crystalline 
states (except for the thinnest layers, which do not crystallize). 

Vacuum ultraviolet spectra, and particularly absorption 
spectra which are more characteristic, give wealthy and de¬ 
tailed information on the electronic band structure of semicon¬ 
ductors. As an example, Figure 17, which exhibits the absorp¬ 
tion spectrum of an ’’amorphous” layer of selenium between 
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2500 and 500 A, shows 3 maxima. According to the theoretical 
considerations developed by Reitz [61] the 4p state is split into 
three bands, pi, P 2 , p 3 in the hexagonal lattice of selenium 
(helicoidal molecular chains along the c axis, with a bond angle 
of 105°). The lower bands Pi and p 2 (together with the s band) 
form the valence band; the upper p band P 3 (together with the d 
band) forms the conduction band. From longer to shorter wave¬ 
lengths the observed peaks should correspond to the following 
transitions: P 2 P 3 (near 2500 1 ); P 2 ^ d (weak maximum 
near the preceding one, due to the onset of transitions to the d 
band, which overlaps the pa band); Pi ^Pa (strong maximum 
near 1500 A); in addition there is possibly a fourth maximum 
near 750 A which was not ascertained experimentally because 
the number of experimental points in this region was not large 
enough (the background, as usual in this range, was a line 
spectrum produced by a sliding vacuum spark); the correspond¬ 
ing transition could be a p ^ -+ d transition. 

The absorption spectrum of an "amorphous" layer of sele¬ 
nium in the shorter wavelength region corresponding to "internal 
transitions" is reproduced on Figure 18 together with the earlier 



data of Givens [60] with which there is a fair agreement in the 
common spectral range. The large number of experimental 
points (obtained with a many line source) made it possible to 
obtain some relatively fine details which could not be detected 
otherwise (except by using a continuous spectrum source). There 
are two main absorption regions, one near 28-30 eV auid another 
near 55-57 eV. The latter corresponds to a transition from a 
M 4 5 (d) band to the conduction band; this maximum exhibits a 
substructure (at least a splitting in two components), which con¬ 
firms the fact that the M band is double. The first maximum 
near 28-30 eV corresponds to a Ni (45° conduction band) transi¬ 
tion; as the N 1 (4S) band is simple, whereas the experimental 
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curve exhibits a sutastmctuTe (at least a double peals;) it should 
be concluded that the conduction band is complex. 

A similar absorption spectrum is observed (Figure 19), 
when crystalline hexagonal selenium, is studied, except that there 
is a fine structure of the background, which is the structure 
well known in the X-ray range under the name of the Kronig 
structure, due to the selection rules on the momentum of the 
photoelectron (if the momentum reaches the surface of the 
Brillouin zone, the Bragg relation for the associated wave is 
satisfied and the corresponding transition is forbidden, which 
means that the absorption should exhibit a number of minima). 
V^acuum ultraviolet is interesting for studying such a structure, 



because of the high resolution in energy units as compared to 
the one available in the X-ray spectrum. The point which we 
would like to stress here is simply how sensitive are the Kronig. 
bauds (diJid also the shapes of the main transitions) with respect 
to the crystalline structure of the solid; this is obvious from the 
observations of Figures 16 and 17. Therefore, the ’internal 
transitions’’ spectrum may be,together with the study of reflec¬ 
tive powers, a powerful means for studying the imperfections^ of 
solids inthiu layers and, more generally, the surface physics 
of solids. 

INSTHUMENTATION 

The following spectroscopic instruments for the far ultra¬ 
violet have been designed at Bellevue and are manufactured in¬ 
dustrially in France: 

(1) A normal incidence l-meter grating spectrograph 
eq^uipped with a vacuum spark chamber, for the spectro-chemical 
analysis of metalloids and gases in metals, especially in steel 
[63, 64, 23], A photoelectric attachment with several exit slits 
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and photomultipliers (with and without window) is associated, the 
whole assembly being a direct reading apparatus (see Figure 5). 

(2) A grazing incidence (85°) 3-meters grating spectro¬ 
graph, for the general purpose of emission and absorption work 
in the extreme ultraviolet [65]. This apparatus is divided into 
three sections, each separated from the other by vacuum valves. 
The principal section contains the grating. Another one con¬ 
tains the photographic fikn-holder and the isolation from the 
grating section allows changingthe film without letting air enter 
into the principal section. The motion of the film holder and the 
width adjustment of a slit limiting the height of the spectrum on 
the film, are controlled externally. The combined use of two 
shutters allows one to insert the film holder or to withdraw it 
from the instrument in a lighted room. Lines down to about 60 A 
have been recorded with this apparatus from hot plasma dis¬ 
charges as mentioned above. 

(3) A normal incidence 1-meter grating monochromator. In 
this apparatus [67] the grating (see Figure 20) is fixed at a right 


X 



angle to one end of an arm OA which is connected to a second 
arm OB, the B end of which is attached at a fixed point. The 
grating is located on a carriage moving along the direction XX' 
passing through B. The two slits are nearB and separated from 
each other by 20 cm. It can be shown that the distance OH is 
related to A by a linear relation. Thus by varying OH with a 
screw, one gets a linear scale. The wavelength range of this 
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apparatus extends fromO to 3000 A (with a 1200 lines/mm grat¬ 
ing); the resolution, the linearity of the scale and the repro¬ 
ducibility are better than 0.5 A. 

(4) A grazing incidence (82°) 3-meters grating monochro¬ 
mator. In this apparatus [68, 69] (Figure 21) the scanning of the 
spectrum is accomplished in the following way: 

a. the angle of incidence a is constant, 

b. the distance ER is constant, 

c. the grating moves along the line XX'. 



The Rowland circle C must (in principle) always pass through S, 
and E must also remain on the circle. 

Since ER has a constant length, one sees that the angle 6 is 
constant, that is, that the entrance slit moves along the fixed 
line ES making on angle 6 with XX' and passing through the exit 
slit S. The assembly is supported by a bench lying along XX'. 
This bench holds two rails along XX' and a third upon which the 
entrance slit moves. The grating is in a housing which is held 
by a carriage. This housing slides along XX' without turning; it 
is the grating which turns in the housing. 

The exit slit is fixed and its connection to the grating hous¬ 
ing is made by telescopic tubes. The entrance slit E is solidly 
attached to a rigid arm, which can turn about the grating hous¬ 
ing, by two sets of needle bearings. Because of this connection 
the incident light always passes through the center of the hous¬ 
ing. The grating is mounted on a support attached to an axis, the 
connection being made by an external arm whose end is solidly 
attached to the entrance slit arm. 

With a6001ines/mm grating the dispersion is about Imm/A 
near 100 A and 0.45 mm/A near 1000 A as a function of the dis¬ 
placement of the grating carriage along XX'. The signal-to- 
stray light ratio varies from 10 to 30 for intense lines of vacuum 
spark spectra, reaches 140 in the case of the 303.8 A helium 
line and is better than 500 for the 584.3 A helium line. The de¬ 
tector was a windowless photomultiplier, equipped with a gold 
cathode. 
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A PULSED LIGHT SOURCE FOR THE 
EXTREME ULTRAVIOLET* 


W. R. Hunter 

U. S. Naval Research Laboratory 
Washington 25, D. C., U.SA. 


INTRODUCTION 

For a number of years an investigation of the optical prop¬ 
erties of materials in the extreme ultraviolet has been underway 
at the U. S. Naval Research Laboratory (NRL) with a twofold 
purpose; to measure the optical constants of materials, and to 
obtain more efficient reflectors. Various materials have been 
investigated [l-5] but only at wavelengths longer than 900 A, at 
Ne I, 736 A, and at He I, 584 A; radiations produced readUy in a 
d.c. glow discharge. The light source to be described is the re¬ 
sult of an effort to provide radiation at many wavelengths short- 
ward of 900 A with sufficient intensity for makii^ reflectance and 
transmittance measurements using photoelectric detection, and 
with good stability during the time required for a measurement, 
which is usually two to three minutes. 

A one-meter normal incidence monochromator with a 600 
line/mm grating was used with a nominal resolution of 1.6 A. 
The detectors employed were a 1P21 multiplier phototube, sensi¬ 
tized for the extreme ultraviolet by spraying a concentrated 
solution of sodium salycilate in methyl alcohol over its envelope, 
or a magnetically focussed continuous strip multiplier with a 
tungsten cathode, developed by the Bendix Corporation. 

The spectral response curves of both detectors are shown 
in Figure 1 where the ordinate represents the current output in 
amperes for an irradiance value of 1 erg/cm^/sec. The curve 
for the 1P21 + sodium salycilate was calculated assxuning a 


*This research was supported in part by the National Aeronautics and 
Space Administration Contract No. R-21. 
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AND MAGNETICALLY FOCUSSED BENDIX M 306 

Figure 1. The spectral response of an extreme ultraviolet sensitized 1P21, 
and of a Bendix magnetically focussed multiplier, M306. 

constat quantum efficiency for sodium saiycilate fr^m 584 to 
2500 A [6,7] and was calibrated absolutely, at 1216 A, with an 
accuracy of ±15% using a nitric oxide ion chamber [8,9]. This 
detector was then used to calibrate the magnetically focussed 
multiplier. 

For wavelengths longer than 1600 A, the response of the 
magnetically focussed multiplier is essentially zero. Thus it is 
very useful at the short wavelengths where, as the zero order 
image is approached, the intensity of the scattered visible and 
near ultraviolet radiations may be quite large. It has the addi¬ 
tional advantage that the noise and dark current are low enough 
to permit measurement of currents as low as 10 amperes, 
whereas with the lP21,this lower limit is about 10'^^ amperes. 
Figure 2 shows the spectral emissions and detector output 
currents obtained from the NRL instrument with d.c. glow dis¬ 
charge excitation using a discharge current of 0.25 amperes, a 
sensitized 1P21 for a detector and gas pressures of 350 p, for 
hydrogen and 1 mm for He and Ne. The constant power curve 
represents the multiplier phototube output current that would be 
measured with an irradiance value of 10 ergs/cm Vsec at the 
exitslit,of dimensions 0.01x0.4cm, and a lP21gain of 1.4x10'*. 
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WAVELENGTH (ANGSTROM) 

EXTREME ULTRAVIOLET RADIATION OBTAINED 
BY GLOW DISCHARGE EXCITATION 

Figure 2. The exireme ultraviolet radiation produced byd.c. glow discharge 
excitation. A sensitized 1P21 was used for the detector with a gain of 
1.4 x 10\ 


Unfortunately, there are^very few useful emissions from this 
type of discharge below 900 A. Other types of discharge, such as 
RF excited, or hollow cathode discharges, have been found to 
produce no emissions in this range other than those produced in 
the d.c. discharge. The helium continuum that extends from ap¬ 
proximately 6001. to 900 A would fill part of the region, but it is 
very difficult to obtain using d.c. excitation and the intensity is 
too low for reflectance and transmittance measurements. D.C. 
discharges using thermally heated cathodes have been de¬ 
scribed [lO] but were not considered useful, because the inten¬ 
sities were at least two orders of magnitude below those shown 
in Figure 1. Weissler and associates at the University of South¬ 
ern California have developed a condensed discharge type of light 
source [ll] in which the capacitor is periodically discharged 
through a gas at low pressure by means of a rotating spark gap. 
They obtained lines to wavelengths as short as 450 A with suffi¬ 
cient intensity for the reflectance and transmittance measxire- 
ments they have reported [l2]. 

A similar light source, constructed at NRL, was found to be 
unstable, with intensity fluctuations of a factor of two to three 
during periods of a few seconds. The reasons for this instability 
were not known but were thought to be partly due to the rotating 
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^ 30,0000 



Charging resistor 
3001 ) 


Figure 3. The pulsed light source switching circuit using a 1257 hydrogen 
thyratron as the switch. Voltages and currents measured at the indicated 
points of the circuit are shown in the oscillograms where positive voltages 
are above the base lines andelectron flow toward the power supply is below 
the base lines. Large divisions on the oscillograms, such as those indicated 
by the time scales, are in cm. 

gap. The soxirce to be described is fundamentally the same type 
as theWeisslersource, but was modified to improve the stability 
and convenience. There were two principle changes; the use of a 
12 57 hydrogen thyratron for the switch instead of the rotating gap, 
and a redesign of the lamp configuration. 

THE PULSED LIGHT SOURCE 

The circuit developed for switching the pulsed light source 
is shown in Figure 3 together with some oscillograms showing 
voltages and currents. Triggering pulses were obtained by 
differentiatii^ the output of a sctuaxe wave generator, and am¬ 
plifying the pulses until they had sufficient amplitude to trigger 
the 1257, thus discharging the 0.2 pfd capacitor through the light 
source. It is this discharge thatproduces the spectra of multiply 
ionized atoms together with the first spectrum. The discharge 
current, of approximately 4000 amperes peat value, is shown in 
the lower left oscillogram andwas measured using a pulse trans¬ 
former. It was not an oscillatory discharge because of the rec¬ 
tifying action of the thyratron, although a comparatively small 
current reversal of ahout 300 amperes occurred before the 
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thyratroncutoff. The form of the discharge current was approxi¬ 
mately sinusoidal with a haK-period of 1.5 jusec. An inductance 
of 1.1 juH was required to resonate with 0.2 jofd at this frequency 
and was distributed in the circuit as follows: 0.5 jnH measured 
in the capacitor, 0.15 pH calculated for the coaxial cables, and 
0.04 pH calculated for the discharge considering it to be a con¬ 
ductor of 6 mm diameter and 10 cm long. This left 0.41 pH 
inductance due to the 1257 and associated leads. The oscil¬ 
logram at the extreme right shows the voltage-current rela¬ 
tionship during charging of the capacitor. Since the capacitor 
became charged to about 8 kv in the opposite polarity during 
the discharge, the voltage across the limitii^ resistor of 
31.7 k was close to 20 kv at the beginning of charging. This 
caused the average charging current to be about 40% higher 
than calculated from the supply voltage and limiting resistor. 
In the oscillogram, the charging current trace crosses the 
base line because it was measured with a transformer and has 
no d.c. component. 

The center oscillogram shows the voltage and current 
at the same point but on a much faster time scale. A current 
of 5 amperes peak value flowed durii^ the first 1-1/2 psec 
alter the discharge was initiated and was attributed to the 
charging of the capacitor that is the twenty feet of 50 co¬ 
axial cable between the 1.6 k Cl resistor and the 30 k SI 



Figure 4. The lamp. To the right is a photograph of the lampwith the coaxial 
shield removed showing the manner of making electrical connections, and to 
the left is a cut-a-way drawing. 


resistor. No explanation could be found for the sudden small 
increase in current which coincided with the termination of 
the discharge. 

Charging of the capacitor can be accomplished in either of 
two modes; through the resistor shown in parallel to the light 
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source^or without this resistor. In the latter case, the capacitor 
was charged through the light source and, in the process, a glow 
discharge was produced giving rise to emission lines from neutral 
atoms. When the resistor was used, the capacitor was charged 
through it and this glow discharge did not occur; therefore the in¬ 
tensity of the first spectra was decreased. Operations were usu¬ 
ally carried on without this charging resistor since the presence 
of these first spectrum lines was desirable. 

Repetition rates are controllable and can be as low as desired 
or as fast as deionization time of the thyratron will allow provided 
that the capabilities of the power supply are not exceeded. 

The lamp configuration, shown in Figure 4, was designed to 
fulfill two conditions; first, to be suitable for eitherd.c. or pulsed 
discharge excitation and second, in the event of breakage in the 
capillary, to prevent any suddeninfluxof water or air into the vac¬ 
uum system. To the right is a photograph of the lamp with its coax¬ 
ial shield removed, showing the method of making electrical con¬ 
nections, and to the left is a cut-a-way drawing of the lamp. 

A quartz capillary with the desired inside diameter, 10 cm 
long and with a wall thickness of at least 1 mm, was fused into the 
center of a quartz disc. Water-cooled electrode holders con¬ 
taining removable pure aluminum electrodes were clamped to 
either side of the disc by means of insulating clamping plates. 
Since this configuration did not permit cooling of the capillary, it 
was essential to use material that could withstand the discharge 
conditions and quartz was satisfactory in this respect. Earlier 
experiments with Pyrex showed it to be unsatisfactory for even 
the relatively cool operation encountered in the d.c. glow dis¬ 
charge. Gas was fed into the cathode through a six-foot length of 
tygon tubing. When shorter lengths of tygon were used, the dis¬ 
charge occasionally occurred in the tubing rather than the capil¬ 
lary. Successful operation was also possible with gas introduction 
directly at the anode which was at ground potential. Under these 
conditions, however, gas pressuresfour to five times higher were 
necessary to make the discharge operate. Therefore this method 
of introducing the gas was abandoned. C ooling water was run to the 
electrode holders through 25-foot lengths of tygon tubing which 
were long enough to isolate the electrodes from the grounded water 
siipply. A Pyrex window was used on the end of the cathode, where 
the heating was not as intense, for viewing the discharge and to 
permit alignment of the various monochromator attachments with¬ 
out the necessity of removing the light source. 

Most of the emissions produced by condensed discharge ex¬ 
citation in this lamp were stable to within ±3% over periods of 
about 3 minutes, with drifts about twice greater during 15- to 20- 
minute periods. When used for d.c. operation the drifts are only 
one or two percent over periods of an hour. Eventually instability 
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does occur, but it has always been curedby cleaning the surfaces 
of the pure aluminum electrodes. 



Figures. The speclrum produced by the pulsed light source using helium. 
Detector: Magnetically focussed multiplier; gain 5x10. 



Figure 6. The spectrum produced by the pulsed light source using nitrogen. 
Detector: Magnetically focussed multiplier; gain 10'“. 


A magnet was placed between the lamp and the entrance slit 
to deflect away charged particles that were likely to coat the 
grating and cause a loss in intensity. Judging from the deposits 
found around the magnet, it served its purpose fairly well and 
grating contamination has been retarded. 

SPECTRA 

Diagrams of the spectra obtained with the pulsed light source 
are presented in Figures 5, 6, 7, and 8; all prepared from re¬ 
cordings made with the magnetically focussed multiplier with 
tungsten cathode. The discharge conditions were: pressure in 
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the anode chamber 1 mm, supply voltage 12-1/2 kv, capillary 
diameter 6 mm, and a repetition rate of 60 discharges per sec¬ 
ond. Most of the lines have been identified with the aid of the 
lists of Boyce and Robinson [13] and of Moore [14]. Those lines 
arising from the gas deliberately introduced into the light source 
are shown as solid lines and the impurity lines are shown broken. 
Although the diagrams extend only to 300 A, a few lines to shorter 
wavelengths were observed in some cases but with intensities 
too low to be useful. The effective long wavelength limit, when 
using the tungsten photocathode, was about 1300 1, however the 
spectra are shown only over the wavelength ranges where they 
are useful. 

The ordinates give the time-averaged detector output cur¬ 
rent on a logarithmic scale. A constantpower curve,the spectral 
response curve of the detector, shown for wavelengths longer 
than 584 A., makes itpossible to derive time-averaged intensities. 

^ The spectrum produced by the pulsed light source using 
helium, shown in Figure 5, included the second, third, and fourth 
members of the Balmer series of He II at 1215 A, 1085 land 
1026 A. The first member at 1640 A could be seen using a sen¬ 
sitized 1P21 and is not shown on the diagram. All three may be 
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Figure 7. The spectrum produced by the pulsed light source using neon. 
Detector: Magnetically focussed multiplier; gain 5 x 10^. 
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blended to some extent, X.X 1215 and 1026 with hydrogen impuri¬ 
ties and X 1085 vith N II. The He II, 304 A line was also present 
with good intensity. 

Several members of the principal series of He I were also 
present, with the resonance line at 584 A the most intense line 
present. Most of the other lineswere due to oxygen andnitrogen 
and were present regardless of the gas used. 



Figure 8. The spectrum produced by the pulsed light source using argon. 
Detector: Magnetically focussed multiplier; gain 10^ 


The spectrum obtained using nitrogen is shown in Figure 6. 
The resonance lines N II, 1085 A; N HI, 991 A and N IV, 765 A 
were present, together with many other lines of these ions and 
the impurity, oxygen. From 900 to 700 A, the density of lines 
was greater than with helium. Toward shorter wavelengths, the 
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lines occurred further apart and were less intense. Wavelengths 
as short as 305 A were observed but with intensities roughlv 
1/50 that of the 304 A line of He II, 

Neon, shown in Figure 7, is the most suitable for the region 
700-300 A, with lines present from Ne I to Ne V. Intensities 
were low near 300 A and increased toward longer wavelengths 
with the Ne I, 736 A and 744 A lines ^uite intense. To longer 
wavelengths, not shown in the figure, were many other lines in¬ 
cluding the Lyman-Q and Lyman-^ of hydrogen, present as an 



Figure 9. A summary of the spectra obtained using different gases in the 
pulsed hghtsource. The spectra produced by d.c. glow discharge excitation 
measured with a sensitized 1P21 is shown for comparison. 
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impurity although the neon was graded, "spectroscopic pure." 

Figure 8 shows the results obtained using argon. Many lines 
■were observed between 800 and 1000 1 but practically no argon 
or impurity lines were seen belo-w 8001. Argon filled this region 
ewen better than nitrogen and provided a transition from the 
many-lined hydrogen spectrum down to 800 A. 

Figure 9 summarizes the spectra. The top row shows the 
emissions that'were obtained from theNRL instrumentusing d.c. 
glow discharge excitation. The next four rows show the spectra 
obtained using different gases in the pulsed light source. Thus, 
most of the spectral region from 900 to 300 A can be filled by the 
proper choice of gas. Hydrogen, of coxirse, can be used in the 
pulsed discharge, but offers no advantages; below 850 A there 
were only the impurity lines that ■were present with the other 
gases, and above 850 A the many-lined spectrum was excited 
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Figure 10. The intensity vs time forsome strong lines produced by the pulsed 
light source using helium. A sensitized 1P21 was used for the detector with 
a gain of 10 Large divisions on the osci llograms,such as those indicated 
by the time scales, are in cm. 
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more conveniently in the d.e. glow discha^rge and with the same 
intensity. 

TIME HISTORY OF THE STRONGEST LINES 

A study was made of the instaataneoxis intensity in certain 
of the strongest lines in order to obtain further insight into the 
mechanism of the discharge, and also to determine the peak 
intensity. The light curve was measured with a sensitized 1P21 
with a gain of approximately 10^ and analyzed oscillographically. 

Figure 10 shows the detector output current vs time using 
helium in the pulsed light source and with a capillary diameter 
of 4 mm. To the left are shown the 1640 K and 304 K lines of 
He n. The peak intensities coincided approximately with the 
discharge current peak. At 1640 A, a second intensity peak 
occurred about 1-1/2 /usee after the first. It is not certain that 
this double peak is characteristic of helium because it was not 
observed for any other helium line. However, the higher mem¬ 
bers of the series were blended with lines of other atoms and 
this may have prevented detection of a double peak. Using higher 
sensitivity than shown here, the 304 A line showed some evidence 
of a second peak; higher members of this series were not intense 
enough to analyze. 

The 584 A line of He I, shown to the upper right, had its peak 
intensity coinciding with the discharge current; this was followed 
by a very broad second peak, too faint to be seen in this trace, 
some 8 to 10 iiseo later. This pattern is characteristic of all 
neutral resonance lines observed, although the relative intensity 
of the peaks differed depending on the gas. When the 584 A line 
was observed on a slow time scale, shown at the lower right, 
emission was observed during the time between discharges and 
was due to the glow discharge caused by the charging current. 
When the charging resistor was used, the glow discharge did not 
occur and only the first sharp and second broadpeaks were seen. 
The average detector output current due to these two peaks was 
small compared to that due to the glow discharge, thus use of the 
charging resistor reduced the average signal; in the case of the 
584 A line by a factor of about 30. 

The two traces shown at the bottom of Figure 10 are of 
impurity lines; 834 A arising from 0 H and 0IH, and 1200 A from 
N I. In both cases the peak intensity did not coincide with the 
peak discharge current but occurred about 1/2 /xsec later. 

At first, there was some doubt about the linearity of the 
detector at largepeakeurrents, since earlier measurements[ 15] 
on 1P21 multiplier phototubes had shown that saturation effects 
were likely to occur for peak currents in excess of 10 mA. For 
example, the 0 11,0 HI, 834 A emission lines are very intense. 
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Figure 11. Two neon lines observed using neon in the pulsed light source. 
A sensitized 1P21 was used for the detector with a gain of 10®. Large 
divisions on the oscillograms, such as those indicated by the time scales, 
are in cm. 


giving rise to a pe^ current from the detector in excess of 40 
mA. However, reflectance measurements onZnS gave a reflect¬ 
ance of 18% at this wavelength which was in agreement with re¬ 
flectance measurements [3] using d.c. glow discharge excitation 
where detector currents were of the order of 10'® amperes. 
Evidently this particular 1P21 was not saturating with peak cur¬ 
rents of up to 40 mA. 

Intensity vs time oscillograms for two Ne lines, obtained 
with a 6 mm diameter capillary, are shown in Figure 11. As 
with the 584 1 line of He I, the 736 A resonance line Md a sec¬ 
ond broad intensity peak about 8 to 10 jusec after the first shairp 
peak and radiation was emitted during the entire charging time 
when the charging resistor was not used. The same held true 
for the 744 A resonance line. By contrast, the 462 A line, which 
is a principal line of Ne H, had no broad delayed second intensity 
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P6ak and no emission occurred during the charging cycle. Its 
intensity vs time trace resembles that of the 1640 A Line of He II 
in that a faint second intensity peak can be seen about 2 /isec 
after the first. Changing the capillary diameter from 6 to 4 mm 
decreased the time between the first and second sharp peaks in 
both helium and neon, and increased the intensity of the second 
sharp peak. 

Except for those lines with wavelengths shorter than 584 A, 
the absolute peak intensities can be calculated by multiplying 
the absolute sensitivity of the sensitized 1P21, shown in Figure 1, 
by a factor accounting for the increased gain and dividing the new 
absolute sensitivity into the peak current. For example, at A. 834, 
Figure 1 gives a sensitivity of 1.7 x 10'® amps/erg/cmVsec. 
This times the gain ratio of 71.5 gives a new sensitivity of 1.2 x 
10*® amps/erg/cm^/sec. Dividii^ this into the peak current of 
40 mA gives an intensity of 3.3 x lO'* ergs/cm^/sec. A 
calculation for X 1640 gives an intensity of 4.4 x 10^ ergs/cm ^/sec 
for either peak. 
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SUR OUELOUES METHODES DE SPECTROMETRIE X 


J. Philibert 
Departement Physique 
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Saint-Germain-en-Laye (S. et 0.), France 


INTRODUCTION 

Les bases physiques de la spectrometrle de Rayons X re¬ 
montent a environ un deml-slecle. Les etudes celebres de 
MOSELEY ont e'te publl^es en 1913 et 1914. 

Une. etape Importante en spectrometrle X a ete marquee 
par la publication du livre de Von HEVESY en 1932, mais ce 
n'est qu'apres la seconde guerre mondlale que la spectrornetrle 
X est vralment entree dans les laboratolres en tant que methode 
d'analyse elementalre de routine, au meme tltre que la spec- 
troscople lumlneuse par exemple. 

Ce developpement tardlf peut s'expllquer par des raisons 
de commodlte et de precision, que seul a permis I'abandon de 
la plaque photographlque, et de son corollalre la photometric, 
au profit de nouveauxdetecteurs de rayonnement: les compteurs 
de photons. 

Quandonparle spectrometrle X, on pense leplus souventala 
fluorescence X, methode malntenant si largement r^andue dans 
les laboratolres, grace a, de tres nombreux modeles d'appareUs 
commerclaux, et utillsee tant pour la recherche proprement dlte 
que pour le controlede production. Cependantd'autres methodes 
d'analyse elementalre sont fondees sur la spectrometrle X, au 
premier rang desquelles 11 convlent de clter la "Mlcroanalyse a 
Sonde Electronlque" dont la premiere realisation est due a 
CASTAING et GUINIER des 1948. 

Je voudrals, dans cet expose, soullgner d'une part la diver- 
site des methodes d'analyse fondees^ sur la spectrometrle X, et 
d'autre part Insister plus particullerement sur les conditions 
theoriques del'analyse quantitative. Je passerai done en revue 
les divers types de spectrometrle et les divers modes d'excita- 
tion du spectre X, en insistant plus particullerement sur la 
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methode demission directs plutot que sur la fluorescence, et en 
empruntant la plupart des exemples a la microanalyse. Enfin la 
discussion des relations quantitatives emission X — concentra¬ 
tion sera limitee a la microanalyse, des conditions physiques 
plus simples ayant pernais de developper completement la 
theorie de remission. 

I - METHODE DE SPECTROMETRIE X 

comme en spectrometrie lumineuse, on doit distinguer 
ici entre spectrometried'emissionet spectrometrie d'absorption. 

A - SPECTROMETRIE D'EMISSION 

1. Lois Fondamentales 

Les spectres emis par un element pur sent constitues d'un 
petR nombre de r^es groupees en series caracteristiques: K, 
L, M de complexite croissante. La frequence d'une raie donnee 
varie simplement avec le numero atomique de I'emetteur, 
comme I'a montre MOSELEY (1913, 1914). 

A (Z - B). 

Le domaine de longueur d'onde commode pour I'analyse est tel 
que Ton ne travaille guere qu'avec les series K ou L (tres 
rarement M) des divers elements. Ceci correspond a des 
energies comprises entre 1 keV ,et quelques dizaines de keY. 
D ou plusieurs avantages: 

a. Conditions d'excitation du spectre faciles avec les 
sources usuelles. 

b. Simplicite' des spectres (la serie K n’aquetrois raies 
intenses), d^u rarete des superpositions de raies d'elements 
ditterents. Ce risque de superposition devient plus grand avec 
a sene L, et a fortiori la serie M, et il est encore accru par 
les possibilites de reflexion d'ordre multiple par le cristal 
analyseur Un exemple celebre de telles superpositions est 
celui de 1 analyse de faibles concentrations de hafnium dans le 
zirconium. On a: 


K oi Zr = 0,7843 kX 


L oi Hf = 1,566 kX. 

La difference de longueur d’onde apparente entre L a, Hf et le 
second ordre de K Oi Zr n'est que de 0,0025 kX. Ceci corre¬ 
spond a une difference d’anglede Bragg de 1 1/2’ avec un cristal 
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de quartz (1011), de I'avec un cristal de LiF. D'ou la necessite 
de spectrometres a haute resolution pour certaines etudes. 

c. Les raies utilisees sont dues a des transitions entre 
ies niveaux electroniques les plus proches du noyau, et done in- 
sensibles a I'etatde liaison chimique ou sont engages les atomes. 
Mais pour les elements de plus en plus legers (Z < 10), les 
raies K s'elargiront progressivement en bandes, occupant une 
certaine largeur spectrale. 

Nous n'insisterons pas icisur I'application de I'analyse des 
bandes des series molles pour I'etude de la structure electro- 
nique des solides. 

2. Spectrometres 

II y a deux types de spectrometres, qui d’ailleurs peuvent 
etre combines, le spectrometre a cristal et le spectrometre a 
discrimination electronique. 

1) Spectrometre a cristal. Un cristal est utilise comme 
monochromateur par application de la loi de Bragg. Le meilleur 
rendement est obtenu avec les spectrometres a cristal courbe, 
grace a I’effet de focalisation du rayonnement divergent qui 
tombe sur le cristal. Le rayon de courbure du cristal doit etre 
egal a 2 R, si R est le rayon du cercle de focalisation qui passe 
par lafente d'entree, le cristal et lafente de sortie ou Ton place 
le recepteur (Figure 1). 

Un gain de rendement 
est obtenu si les condi¬ 
tions de focalisation sont 
realisees plus rigoureuse- 
ment en utilisant un cris¬ 
tal dont la surface epouse 
exactement le cercle de 
focalisation. On utilise 
pour cela un cristal taille 
avec une courbure 1/2 R. 

Place dans une presse de 
courbure 1/R, les plans 
reticulaires prennentla 
courbure: 

1/R - 1/2 R = 1/2 R 

tandis que la surface a 
bien la courbure 1/R: la 



Figure 1. Spectrometre a cristal courbe, 
type Johansson, d'apres Guinier. 
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condition de focalisation est alors assuree exactement sur toute 
la surface du cristal. 

Un autre artifice utile est Vangle de taille. Si les plans 
reticulaires utilises font un angle faible a avec la surface du 
cristal, on voit facilement que les angles au centre (Figure 2) ne 
sont plus egapc, mais presentent une difference egale a 4 a: 
cette dissymetrie permet, pour une distance minimale fente 
d'entree - monochromateur (limitation geometrique due a I'en- 
combrement de la sour ce; au eontraire le recepteur peut etre 
approche au yoisinage immediat du cristal) d’etendre ledomaine 
du spectrometre. Un tel montage est utilise avec un cristal de 
quartz, sur la microsonde franjaise, 

Monochromateur. La loi de Bragg montre que I’on 
doit avoir A. s 2 d. Cependant, une autre limite d'un monochro¬ 
mateur est son pouvoir dispersif 

M = n 

d\ 2d cos 9 


qui decroit si d croit, mais croit avec 

Le choix de la taille du cristal (c’est-a-dire de la 
familledes plans reticulaires utilises pour reflechirlerayonne- 
ment) etde la nature de ce cristal est conditionne non seulement 
par la valeur optimale du parametre d, mais encore par le 
pouvoir reflecteur du cristal pour la reflex ion utilisee. 

Les cristaux les plus frequemment utilises sont, aux 
longuevms d'onde moyennes et courtes (A. < 4 A), le quartz 



q) a = 0 monochromateur symetrique. 
b) a 0 monochromateur dissymetrique. 

Figure 2. Spectrometre a cristal courbe 
et angle de faille, d'apres Guinier. 
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(plusieurs tallies) et le fluorure de lithium, aux longueurs d'onde 
longues le mica, le g5^se, I'EDDT ou I'ADP. Le tableau I ras- 
semble les caracteristiques d'un certain nombre de monochro- 
mateurs. 


Tableau 1 


Caracteristiques de Quelques Monochromateurs 
Utilises en Reflexion 


Cristal 

Plan Reflecteur 

d (k X) 

CaF2 

(220) 

1,93 

LiF 

(200) 

2,01 

CaFj 

(111) 

3,15 

Quartz 

(1011) 

3,34 

Quartz 

(1010) 

4,25 

EDDT* 

(020) 

4,39 

ADPt 

(200) 

5,31 

Gypse 

(020) 

7,55 

Mica 

(002) 

9,94 


♦Ethylene diamine d-tartrate. 
tAmmonium diphosphate. 


Recepteurs. C'est un compteur Geiger, un compteur 
proportionnel ou un scintillateur. L'avantage du premier est de 
delivrer des impulsions de forte amplitude, d'ou un ensemble 
de comptage electronique simple. Son gros defautest son temps 
mort eleve (> 100 /xs) qui ne permet pas les taux de comptage 
eleves. Le compteur proportionnel et le scintillateur, outre leur 
temps mort faible, ont l'avantage de permettre une discrimina¬ 
tion electronique des impulsions (cf. paragraphs suivant). Le 
scintillateur offre aux courtes longueurs d'onde (0,5 - 1,5 kX) 
l'avantage de son rendement quantique pratiquement egal a 1. 

La Figure 3 montre a titre d'exemple la finesse des 
raies obtenues avec le spectrometre a cristal de quartz de la 
micro sonde de Castaing. La distance angulaire des raies du 
doublet K Oi a 2 du cuivre n'est que de 3,8 kX (A6 » 2 minutes). 
La Figure 4 montre le spectre L du Xenon enregistre’ pour la 
premiere fois par KIRIANENKO et al (1961) avec un spectro¬ 
metre a quartz courbe. 

2) Spectrometrie par discrimination electronique. Les 
impulsions delivrees par un compteur proportionnel ou un 
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Fjgure 3. ^registrement dudoublet K aj dj zinc (d gauche)et du cuivre 
(a droite,reflexions du ler et au centre du 2 eme ordre)obtenu avec lespec- 
trometre a cristalde quartzcourbe (R= 50 cm,plan (lOTl) de la microsonde 
de Castaing. 



Figure 4. Enregistrement du spectre L du Xenon realise 
pour la premiere fois par Kirianenko et al (1961). 
Lobiet est const! tue'd'argent pur charge de Xenon par 
decharge basse tension. 
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scintillateur ont une hauteur proportionnelle a I'energie des 
photons incidents. Une methode spectrometrique consiste done 
a ne compter que des impulsions d'amplitude comprise entre 
deux niveaux choisis au moyen d'un discriminateur. 

Malheureusement les impulsions ont des amplitudes 
distributes statistiquement autour de leur amplitude moyenne 
(Figure 5). On definit la largeur de cett^distribution par son 
ecart type, evalue en valeur relative Op /P: * il varie comme. 

si E est I'energie des photons incidents (Figure 6). Deux 
distributions ne pourront etre distinguees que si leur ecart est 
suffisant (disons > 2 Op). Cette condition interdit la distinction 
des raies K a de deux elements consecutifs dans la classifica¬ 
tion periodique, et les distributions ne seront distinctes qu'a 
condition que: 


AZ >3 



Figure 5. Courbe de distribution des amplitudes d'impulsions 
delivrees par un compteur proportionnel d flux (melange^ gazeux 
Argon + 10% methane). A droite emission K du^njagnesium, d 
gauche emission K du fer avec le "pic de fuite" du a I'excitaticm 
par fluorescence de I'argon du compteur. Abcisses en unites 
arbitraires. 


* - P designe I'amplitude moyenne des impulsions. 
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distribution with energy 


- theoretical (Snyder, Frisch, Fano). 

- - - empirical [equation (8)]. 

X Mulvey and Campbell. 

• Bisi and 2!appa. 

O Hanna, Kirkwood and Pontecorvo. 

A Arndt, Coates and Riley. 

Curran, Coclcroft and Angus. 

® Lang. 

□ West and Bradley. 

f 

Figure 6. Variation de la resolution 
o-p/P d‘un compteur proportionnel en 
fonction de 1‘energie E des photons 
incidents, o-p designe 1 'ecort type de la 
distribution des amplitudes des irripul- 
sions delivrees par le compteur et P 
leur amplitude movenne. D'apres 
Mulvey et Campbell (1958). 

elements seulement, ainsi que Ta 
(1960). 


si AZ designe la difference 
des numeros atomiqaes des 
2 elements consideres. 

La Figure 7 montre la 
forme des impulsions eare- 
gistrees avec un oscillo- 
graphe dans le cas d^an 
echantillon compost d^an 
melange de Si0 2 + CaO + 
FeO. On voit nettement les 
trois groupes d’impulsions 
correspondant, de bas en 
haut, aux emissions K de Si, 
Ca et Fe. Un spectrometre 
a cristal n’est done pas ne~ 
cessaire pour Tanalyse de 
ces melanges. 

On a cherche a sur- 
monter la limitation AZ > 3 
par une analyse dela courbe 
de distribution des ampli¬ 
tudes d’impalsions resultant 
de la superposition de pla- 
sieurs j^ourbes de niv^eau 
moyen P different et de kaa- 
teur differente correspond¬ 
ant aux emissions de chaque 
element constitutif (Figure 
8 ). Cette analyse estsimple 
dans le cas ou 1 ’on doit resou- 
dre les emissions de 2 ou 3 
montre en particulier DOLBY 


Considerons en effet (Figure 9) les courbes des distribu¬ 
tions d’amplitude d’impulsions relatives a plusieurs elements 
de hauteurs A, B, C . . . proportionnelles aux concentrations 
Ca? Cg, a determiner. La reponse donnee par le compteur 
se presenter a sous forme d’une courbe de distribution somme 
des courbes de distribution elementaires. Dans le cas de trois 
composantes, onpeut mesurer les ordonnees M^, M 2 , M 3 cor¬ 
respondant a 3 niveaux, ou plutot a 3 bandes etroites: dV, , dV., 
dV 3 . L’onaura: 


(Ml = KiiA + K12B + K13C (A = kiiMj 4 k:i2M2 4 kj3M3 

(Mj = K 21 A+ K 22 B + K 23 C d'oa (B= k 2 iMi 4 k 22 M 2 + k 23 M 3 

(M 3 = K 31 A + K 32 B + K 33 C (C = k 3 iMi + k32M2 + k 33 M 3 
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Figure 7. Enregistrement oscil lographique des impulsions 
delivrees par un compteur proporlionnel a flux d^tectont 
les raies Kde fluorescence emises par un melangede poudre 
comprimee 20% Fe 2 03 + 60% Si 02 + 20% CaC 03 . De 
haut en bas, impulsions correspondant d Si, Ca, Fe. cf. Fig. 

16. D'apres Le Traon et Seibel (1962). 

d'ou les valeurs de A B C par inversion de la matrice K. 

Si les courbes de distribution etaient exactementgaussi- 
ennes, les 9 coefficients kjj seraient calculates a partir des 
ecarts types des distributwns d'impulsions et des differences 
entre leur niveau moyen P. En pratique, on les determinera 
experimentalement en mesurant Mj, Mj, M 3 successivement 
sur trois temoins constitues des trois elements purs. Les trois 
equations donnant A, B, C et done les concentrations des trois 
elements peuvent etre resolues au moyen d’un calculateur sim¬ 
ple a 3 canaux, si les trois niveaux M sont mesures et ^amplifies 
simultanement. Deux difficult^s doivent §tre signalees: d'une 
part la presence d’un fond continu d’intensite variable avec 
I’energie et qu'il faut soustraire des mesures Mj, Mj, M 3 , et, 
d'autre part, I'existence des "pics de fuite"; e'est ainsi que le 
pic de fuite du a la fluorescence de 1 ’argon du compteur sous 
I'effet du rayonnement dufer (visible sur la Figure 5) se super¬ 
pose au pic normal du calcium. 

Un avantage de la discrimination d'amplitude montee a 
la suite d'un spectrometre a cristalest d’eviterles erreursdues 
a la superposition a la raie analysee, d'une reflexion d'ordre 
multiple d’une autre radiation. Ceci est particulierement fre¬ 
quent dans le cas des grandes longueurs d’onde. 

B - SPECTROMETRIE D'ABSORPTION 

Le coefficient d'absorption d'une raie donnee variant a peu 
pres comme Z^, les differences de composition seront facile- 
mentdecelees en mesurant I'intensite du rayonnement transmis: 



















Energie keV 


Figure 8. Courbes de distribution des impulsions d'un compfeur propor- 
tionnel a flux, donnees par les eta Ions de si lice et alumine pure et par un 
melange AljOj +• SiOj. D'apres Le Troon ef Seibel (1962). 
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c'est la base de la radiographie et de la microradiographie, 
qualitative ou quantitative. 

Une autre loi d'absorption fondamentale est la variation du 
coefficient d'absorption avec la longueur d'onde: cette variation 
en n'est pas continue mais presente des sauts caracteris- 
tiques correspondant aux niveaux K, Lj, Ljj . . . de I'atome. 
Ceux-ci sont utilises pour accroitre la sensibilite et la resolu¬ 
tion de la radiographie. Les applications a I'analyse macro- 
scopique ou microscopique peuvent etre tres interessantes, 
surtout si on la combine avec une methode spectrometrique 
pour mesurer les intensites transmises a differentes longueurs 
d'onde; bien que I'analyse quantitative ne soit guere possible 
pour des echantillons renfermant plus de 2 elements. 

Cette methode est applicable a I’analyse microscopique. 
Une source ponctuelle de rayons X estconstituee enbombardant 
une anticathode mince par une sonde electronique. Si la dis¬ 
tance source-objet est n fois plus petite que la distance objet- 
plaque photographique, on a sur celle-ci une microradiographie 
agrossissement n. Rempla^ons—la plaque par undiaphragme de 
diametre d. Celui-ci correspond a une region de I'echantillon 
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de diametre d/n. Un spectrometre a cristal on a discrinaiiiatioii 
permet de doser le rayonnement de longueur d^onde X. On 
mesure alors les intensites transmises et ainc longueurs 
d^onde et A. 2 * Endesignant par (jtx/p)^^ le coefficient d’absorp- 
tion massique de par X, et par et nig les masses par unite 
de surface de deux elements A. et B dans l^echantillon on a 
evidemment: 



Si les longueurs d’onde X^ et X^ ont ete choisies de partet d^au- 
tre de la discontinuited'absorption de A et aussi rapproches que 
possible, le second terme deUequation ci-dessus estnegligeable 
devant le premier et l^onpeut doser directenaent A (Figure 10). 
Remarquons que dans ce cas B peut designer aussi bien un se¬ 
cond element que la matrice complexedanslaquelle estdissoutA. 

Cette methode de microanalyse par absorption est utile en 
particulier pour des objets qui supportent naaL le bombardement 
electronique (objets biologiques ou mineralogiques, LONG 1958, 
Figure 11). 
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Figure 11. Schema d'un appareil de 
microanalyse par absorption d'apres P. 

Duncumb (1959). 

Signalons juste en passant une autre application importante: 
1'etude fine des discontinuites d'absorption en relation avec la 
structure electronique et I'etat physico-chimique de I'atome 
absorbant. 

C - DOMAINE DE LA SPECTROMETRIE DE RAYONS X 

Les caracteristiques des spectrometres limitent le domaine 
des longueurs d'onde utiles et done la nature des elements chi- 
miques qui peuvent etre analyses. Le spectrometre doit posse- 
der un cristal (eventuellement) de bon parametre et bon pouvoir 
reflecteur, un recepteur de rendement suffisant. II doit de plus 
eviter I'absorptiondu rayonnement tantparl’air que parfenetres 
intermediaires. Cette derniere condition ne'cessite des spec- 
trometres fonctionnant sous vide pour les longueurs d’onde su¬ 
per ieures a 2 A et 1'utilisation de fenetres en materiaux tres 
peu absorbants: beryllium tres mince (< 80 p.) ou matiere plas- 
tique (Mylar, 0,5 mg/cm^). Le scintillateur est done exclu aux 
grandes A., a moins de supprimer sa fenetre et de le faire 
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travailler dans le vide meme du spectrometre. Le compteur 
Geiger oule compteur proportionnel sont pratiquement les seuls 
utilises. L'emploidefenetretres mince ne permetmalheureuse- 
ment plus de fabriquer un compteur scelle, si bien que le gaz 
de remplissage doit circuler en permanence dans le compteur. 

Ces progres ontpermis depuis peu d'annees defaire passer 
lalimite inferieuredes elements analysablesde Z « 18 a. Z = 11. 
De nouveaux progres ont ete realises en vue d’abaisser cette 
limite en utilisant des compteurs a flux a fenetre tres mince. 
L'emploi de reseau optique sous incidence rasante (conditions 
de reflexion totale des rayons X) ne donnant pas des raies in¬ 
tenses, ni une grande dispersion, on s'est oriente vers la spec- 
trometrie par discrimination en utilisantdes compteurs propor- 
tionnels. Les rayonnements des elements tres legers ont pu 
etre ainsi decele's (DOLBY, 1960, DUNCUMB, 1961, MULVEY, 
1960) et la limite de detection abaissee au rayonnement du Be 
vers 110 A! (HOLLIDAY, 1960, CAMPBELL, 1962). 

Les difficultes^ pour I’anilyse de ces elements doivent 
cependant etre notees: les coefficients d'absorption de ces ra¬ 
diations sont tres eleves, si bien que le rayonnement reju n'est 
emis que par une mince couche a la surface de I'echantillon.* 
On peut alors se demander si les mesures seront bien carac- 
teristiques de I'echantillon, du fait des perturbations mecani- 
ques et chimiques possibles de la surface. Dans le cas del' 
emission directs^ (cf. plus bas) il faut absolument eviter la con¬ 
tamination de I'echantillon, surtout pour I'analyse du carbone. 

Une autre difficulte reside dans la forte probabilite de 
superposition a la raie analysee, la raie K a; C emise par un 
carbure par exemple, de raies de serie M (tres nombreuses) 
d'elements lourds contenus dans ce carbure, d'autant plus que 
ces raies sont larges et que la resolution du compteur propor¬ 
tionnel n'est pas tres bonne pour les faibles energies (cf. ci- 
dessus). 


n - PRODUCTION DU SPECTRE X 

A - METHODES D'EXCITATION 

II existe deux methodes pour exciter I'emission X d'un 
echantillon: 


’•‘Le coefficient d'absorption dela raie K a Allans le fer par exemple est 
egal a 2.800, ce qui correspond a une transmission de 30% par une 
lame de fer de 1/2 /i. Pour les raies de C, N ou O ces coefficients 
serontencore plus eleVes. Dans Pair par exemple, on a pour les raies 
K a du Fe, A1 et C, des coefficients d'absorption egaux respectivement 
a 19, 1.200 et 5.100. Le coefficient d'absorption de la raie KaC dans 
1'aluminum est egal a 25000. 
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a. Parbombardementelectronique: c'estVemissiondirecte. 

b. Par irradiation par un rayonnement X primaire: c'est 
remission de fluorescence. 

Ces deux modes d'excitation conduisent a des rayonne- 
ments de caracteristiques differentes: 

1) Intensite. A puissance dep.ensee egale, remission 
directe fournit des raies 100 a 1000 fois plus intenses que la 
fluorescence. Cette difference vient en grande partie d'effets 
purement geometriques. Dans les appareils de fluorescence 
actuels, seule une faible fraction du rayonnement X'produit dans 
le tube est utilise pour irradier I'objet. II serait interessant 
d'ameliorer sur ce point les appareils de fluorescence X. Le 
meilleur rendement est obtenu dans la sonde de CASTAING, ou 
la limitation provient uniquement de la fraction de rayonnement 
regu dans le spectrometre. L’experience et le calcul montrent 
que I'intensite de la rale K Zn regue dans le spectrometre 
est egale a (HENOC, 1962): 

1,7.10"^ photon/electron, sous 30 kV. 

2) ' Rapport raie/bruit de fond. Les impulsions arrivant 
au systeme de comptage suivant uneloi de distribution aleatoire, 
la precision de .la mesure est limitee par la largeur de cette 
distribution. La mesure de la hauteur de la raie et du bruit de 
fond B.F. sont caracterises par des ecarts types Or et Obf. de 
sorte que la difference (hauteur de raie - B.F.) est affectee d'un 
ecart type 


Or remission directe provoque un bruit de fond important, du 
a remission d'un spectre continu superpose au spectre de raies. 

L'intensite totale du spectre continu est propor- 
tionnelle a Z si E^ designel'energie des electrons incidents. 
La fraction de°renergie incidente convertie en rayonnement 
continu est done proportionnelle a Z E^. Pour une anticathode 
de cuivre, a 50 kV, cette fraction est d'environ 10"^. Dans un 
domains de frequence dv, l'intensite du spectre continu est pro¬ 
portionnelle a 


dJ = Z - v) dv 


si 1^0= Eo A- 

L'intensite d'une raie varie avec E„ suivant une loi 
differente. Dans la serie K, celle-ci est proportionnelle a 
(Eg - E^)^’®®. Le rapport raie/spectre continu emis dans une 
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bande de frequence etroite dv autour de la rale augmente done 
continument avec sans presenter de maximum (e'est ce rap¬ 
port qui est interessant en spectrometrie, plutQt que le rapport 
raie/intensite totale emise dans le spectre continu (cf. COSS- 
LETT, 1960). 

En fluorescence, le fond continu eonsiste uniquement 
dans les radiations diffusees soit elastiquement, soit inelastique- 
ment (par effet Compton). Cette diffusion ne devient importante 
que pour les objets de faible numero atomique. C'estun spectre 
continu lorsque le rayonnement priruaire est constitue luimeme 
d'un spectre continu. Si bien que dans le cas de 1'analyse de 
traces d'elements "lourds"dans une matrice'’legere", remission 
directs pent etre a ce point de vue plus advantageuse que la 
fluorescence. 

Avec la rnicrosonde de CASTAING, en utilisant un 
cristal de quartz (1011) courbe, nous avons obtenu pour la rale 
Cu K 0 !;^ im rapport raieA>ruit de fond d'environ 750 avec un 
compteur Geiger, et 1500 avec un compteur proportionnel et 
discrimination des impulsions. Un tel rapport permet d'atteindre 
une sensibilite elevee pour I'analyse d'elements en faible con¬ 
centration. 

3) Finesse des raies. La plus grande intensite obtenue 
a I'heure actuelle par emission directs permet d'utiliser le 
spectrometre avec des fentes trfes fines, d'ou de meilleures 
conditions de focalisation dansle spectrometre et des raies plus 
fines. Ceci permet de separer les raies voisines dans le spec¬ 
tre, alors que ce n'est pas possible par fluorescence, kous 
citerons deux exemples. L'analyse des traces detantale dans le 
niobium a ete effectuee par CROUTZEILLES (1962) sur un ap- 
pareil qui permet de travailler en fluorescence ou en emission 
directs: I'objet est alors place dans une encoche pratiquee sur 
I'anticathode du tube. Ce n'est que grace a la meilleure focali¬ 
sation possible en emission directs que la raie La Ta a pu §tre 
bien separee de la reflexion du second ordrede K a Mb. L'emis- 
sion de cette raie peutd'ailleurs etre supprimee en abaissant le 
potentiel du tube, ce qui n'est pas possible en fluorescence. 

La micro sonde offre un exemple ou la source etant 
ponctuelle, les conditions optimales de focabsation peuvent etre 
realisees. La finesse des raies obtenues nous a permis le do¬ 
sage precis du vanadium et du chrome dans un alliage de titane 
au vanadium-chrome, bien que la raie K a^ V ne soit qu'a 7 uX 
de K ^ Ti etK a Cr a 5 uX de K j3 V, ce qui avec un quartz (1011) 
correspond a des differences d'angle de Bragg de 4 1/2 et 3 
minutes respectivement (Figure 12). 

4) Tcuix d'excitation. Nous avons ci-dessus signald un 
ayantage de remission directs: le taux d'exeitation peut §tre 
ajuste de fa^on a n'obtenir que les raies de certains elements a, 
I'exclusion d'autres. 
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B - EXCITATION PAR DES SOURCES RADIOACTIVES 

L'utilisation de sources radioactives permet de resoudre 
de maniere simple et elegante le probleme del'excitation. D'une 
part les sources sont peu encombrantes, d'ou une simplification 
considerable de I'appareillage, et une dconomie. D’autre part, 
I'intensite est absolument stable, si la periode radioactive^ est 
assez longue, d'ou suppression du probleme de la stabilite du 
gene'rateur, qui se pose de fagon souvent aigue dans les labora- 
toires d'usines. 

Le tableau 2, d'apres MARTINELLI et SEIBEL (1961), 
rassemble les principaux types de sources actuellement utili- 
sables en distinguant: 

a. Les emetteurs de rayonnement (3. 

b. Les emetteurs de rayonnement X. Le rayonnement X 
peut etre produit par une cible intermediaire ou dans la source 
elle-meme: on obtient alors un spectre continu (freinage des 
electrons) et un spectre de raies. Les excellentes conditions 
geometriques de freinage dans la source elle-meme fournissent 
un rayonnement X avec un rendement optimal. Enfin on dispose 
de sources monochromatiques, le rayonnement X etant produit 
par capture K. 

Cependant, un defaut de ces sources reside dans leur 
intensite relativement faible par rapport aux sources classiques. 
Le rayonnement X emis n'est pas assez intense pour etre 
analyse avec un spectrometre a cristal. C'est la une petite 






Sources Radioactives Utilisables en Speotrometrie X 
D*Apres Martinelli et Seibel, 1961 
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181*; 56,9 kev; T = 145 j. 
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24lAn,= 60 kev; X divers; T = 470 ans 
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complication pour 1'analyse d’elements de numero atomique 
proche (cf. ci-dessus). 

Les conditions geometriques de I'ensemble source + 
echantillon + compteur peuvent etre tres variees. Quelques 
schemas, d'apres G, SEIBEL, sont donnes sur la Figure 13 a 
titred'example. On note dansle cas deI'excitation j3 lapresence 
d'un aimant permanent pour deyier les electrons retrodiffuses 
en dehors de la fenetre du compteur. On pourrait aussi utiliser 
un filtre (en plexiglass par exemple), si I'energie des rayons X 
a analyser est assez elevee. 

Ces methodes ont conduit recemment en France a des 
applications a ranalyse de routine d'untres grand interet. Citons 
un appareil automatique d'analyse des carottes de sondage des 
minerals de fer. La source est constituee de tritium (emetteur 
^de 18 kV, 25 curies) absorbs dans des depots minces de titane 
ou de zirconium. La raie K a du titane est tres intense dans le 
premier type de source et excite tres hien le rayonnement du 
calcium. Une telle source evidee en son centre irradie une aire 
de 12 X 20 mm^ environ. Les impulsions sont rejues par un 
compteur proportionnel seelle (cf. Figure 13) et comptees apres 
discrimination. Get ensenable defile a vitesse constante le long 
de lacarotte et I'on enregistre simultanement les concentrations 
de fer et de calcium (Figure 14). 

DISPOSITIF DE -MESURE 
Prometheum^^^ 




SOURCE PONCTgELl.E 2 SOURCE ANNULAIRR S 

Figure 13-A. Schemas des disposltifs de I'ensemble source radioactive S+ 
recepteur R+ e'chantil Ion E. Excitation par des royons fi emis ptor une source 
ponctuelle ou une source annuiaire. A, aimant permanent. D'apres SEIBEL 
(1960-1?61). 
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Figure 13-B. Schema du dispositif de I'ensemble source radioactive + 
recepteur+ echantillon. Exemples d'excitation par les rayons X emis par 
une source annulaire. D apres Seibel (1960-1961). ^ ^ 

^ Des sources de tritium absorbe sur zirconium (spectre 
donne par la Figure 15) permettent d'analyser le silicium, le 
calcium et le fer dans des minerals de fer. Les pastilles sont 
preparees comme en fluorescence, et introduites dans une en¬ 
ceinte sous vide. Un compteur proportionnel a flux permet de 
discriminer les rayonnements des trois elements a analyser, 
la Figure 16. C'est laraie L du zirconium 
IT i -i- excite convenablement le spectre 

K du sihcium; le rayonnement de Ca et Fe est excite' par le 
spectre continu. 

actaellemeS soot 

C - MICROSONDE DE CASTAING 

1. Caracteristiques Generates 

importante a ce jour de remission 
I'nnni’iTQo^o 'sondes electroniques pour effectuer 

^ I’echelle microscopique. Les tout pre- 
^ ^ methodefurentpresentes 

1951 CASTAmr 1949. Dans son travail publie en 

i-p;’ S;! , montrait non seulement la realisation du pre- 

o-initec experimental et quelques applications metallur- 

fn SrIcS ir?n I'analyse quantitative 

elosani ^ emission-concentration et 

exposant une methode de calcul de correction des resultats 
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Figure 14. Photographie de I'appareil de dosage automatique du fer et du 
calcium dans les carottes de minerai de fer. D'apres Selbel (1961). 


Par la suite, il devait construire un appareil d'un modele per- 
fectionne, le Microanalyseur a Sonde Electronique, bien connu 
souvent sous le nom de Microsonde. Cet appareil presente en 
1955 k r Exposition de la Societe Fran^aise de Physique a Paris 
a ensuite ete construit commercialement par une societe fran- 
caise (Figures 17 et 18). 

BOROVSKI en URSS travaillant dans la meme voie publia 
peu apres CASTAING une description d'un appareil de principe 
similaire (1953). Puis ala suite de ces travaux de nombreux 
experimentateurs, en Grande Bretagne etauxUSAen particulier, 
construisent des appareils de conceptions et caracteristiques 
variees. 

Parmi tons ces travaux, il faut citer surtout la methode 
de balayage, dont les premiers resultats furent publics en 1956 
par DUNCUMB et COSSLETT. Comme on le salt, cette methode 
permet d'obtenir sur I'ecran d'un oscillographe des images de 
la repartition de tel ou tel element chimique present dans 
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Figure 15, Spectre d'une source de tritium absorbe dans du zirconium, 
D'apres Seibel et Le Troon (1962). 


rechantillon. Cette methode a I’avantage de fournir une image 
qualitative tres representative et d’interpretatioa generalemeat 
aisee. Ce sujet ayant ete traite par le Professeur COSSLETT, 
nous neferons ici que donner a titre d’exemple une serie d’ima- 
gesobtenues a 1’aide de Tappareil fran^ais (Figures 19 et 20). 

Par la suite, des discussions se sont poursuivies sur les 
diverses caracteristiques que devaient presenter un micro- 
analyseur et en particulier sur la priorite a donner au balayage 
par rapport a 1’analyse point par point, etsur le mode d^ observa¬ 
tion de rechantillon. 


ntensite en coups /seconae 
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Figure 16. Courbes de distribution des impulsions domees par un compteur 
proportionnel d flux,recevant les rayonnements K emis par un melange 20/o 
FejOs + 60% Si02 + 20% CaCOa (vide: 4 mm de mercure). D apres 
Seibef et Le Traon (1962). 


A vrai dire tout d^end de la qualite de I'information que 
Ton desire obtenir et du temps que I'on accepte de consacrer 
pour obtenir ces resultats. Dans les conditions actuelles, ilnous 
semble quel’appareil ideal devraitposseder les caracteristiques 

a. Observation microscopique (par reflexion ou par 
transmission) simultanee a I'analyse. II ne nous parait pas en 
effet que I’image electronique soit suffisante pour choisir 
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MICROANALYSEUR a sonde electronique 

( SCHEMA S 



Figure 17. Schema de prlncipe de la microsonde de 
Castaing. D'apres Castaing (1955). 



Figure 18. Schema de prlncipe du dispositif de balayage 
automatique de la microsonde fran^aise. 
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ALL! AGE Be-AI (10%) 
Recuit 100 heures, 700°C. 

Balayage 300x 300M - 450 lignes. 


Micrographie 


Figure 19 
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Figure 20. obtenues par balayage 

Acier moxydable au Cr-Mn-N. Precipii 
carbofie apres un revenu de 24 h a 650®C 
(X fflOO) do bohy®. 

300 l.gnes)effectues sur la meme replique 
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correctement les points a analyser. Le microanalyseur doit se 
presenter, aux yeux du metallographe ou du mineralogiste, 
comme un outil qui apporte un supplement d'information a 
Tobservation microscopique, lafaisant passer du stade qualitatif 
au stade quantitatif. II importe done de lui offrir les conditions 
d'observations habituelles de I’echantillon qu'il a prealablement 
observe au microscope. Ce microscope permet en outre de 
placer la surface de I'echantillon et des temoins dans le plan de 
focalisation de la sonde, ainsi que sur le cercle de localisation 
du spectrometre. 

b. Plusieurs spectrometres a focalisation a haute 
resolution, pour des conditions optimales d'analyse quantitative 
point par point. Ces spectrometres permettent non seulement 
la s^aration de raies voisines (cf. Figure 3 et 12),mais encore 
donnentun rapport raie/bruit de fond eleve-condition necessaire 
pour une sensibilite elevee (en particulier dans le cas d'elements 
en faible concentration). Ces spectrometres seraient equipes 
des monochromateurs convenables pour couvrir de facon com¬ 
mode I'etendue de longueurs d'onde analysables et permettre 
I'analyse simultanee de deux (ou plus) elements. 

c. Un systems de balayage, sur des aires allant de 
50 a 500 ju de cote. Ce systeme devrait permettre d'obtenir des 
Images dans un temps court, mais pouvoir de plus travailler a 
Vitesse treslente pour obtenir en des tempsbeaucoup plus longs 
des images de haute resolution. 

d. Un equipement pour I'analyse des elements tres 
legers (Z :^10); vu les progres incessants dans ce domaine, il 
est peut-§tre premature d'en preciser les conditions optimales. 

II nous semble de plus que pour I'utilisation mi- 
neralogique courante un appareilde conception specials etadap- 
tee aux besoins des mineralogistes serait souhaitable. Des 
travaux remarquable ont ete effectues dans ce domaine par J. 
LONG en Grande Bretagne. 

2. Pouvoir Separateur 

Les possibilites de la microsonde decoulent immediate- 
ment des caracteristiques de la spectrometrie X que nous avons 
resumees au debut de cet expose. II nous reste encore a preci¬ 
ser le pouvoir de resolution, e'est-a-dire a determiner les 
dimensions du plus petit volume analysable. Ces dimensions 
dans le cas d'un echantillon massif ont ete discutees par ^divers 
auteurs. On salt qu'il serait illusoire de reduire le diametre de 
la sonde au-dela d'une certaine valeur par suite de la diffusion 
des electrons dans la matiere d'une part, et d'autre part de 
remission de rayons X de fluorescence dans une^ region plus 
grande que le volume ou les electrons ont provoque des ionisa¬ 
tions. La trajectoire utile de I'electron, e'est-a-dire la portion 
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de sa trajectoire ou son energie est superieure a I'energie 
deionisation, a une longueur determinee par la loi de dece¬ 
leration. Par suite de la diffusion des electrons dans toutes les 
directions, lediametre dela r%ion analysee sera egala <5 ^ -f z^y 
si est le diametre de la sonde. II serait done vain de reduire 
celui-ci au-dessous de 1/i si = 2ji par exemple. 

En fait le probleme estde trouver les conditions optima- 
les pour un diam^re 6^ + minimum, mais une intensite K 
emise suffisante pour la precision exigee. Ce compromis a ete 
etudie par WITTRY (1958) d^ou il results que le diametre de la 
region analysee est minimum, si le taux d'excitation est 

compris entre 1,9 et 1,6 suivant que Ton tient compte ou non du 
spectre continu, e’est-a-dire que la concentration est faible ou 
forte. 

Une evaluationunpeu differente aetefaite par DUN’CUMB 
(1960). Avec un compteur proportionnel, on pourrait obtenir 
avec une intensite de 10^ cps une resolution de 0,1/i si le poten- 
tield acceleration est de 3 a 5 kV. On ne pourrait done utiliser 
des raies K qu^avec des elements legers, dans les autres cas 
ce sont les raies L ou M qui devraient etre choisies. 
r-AorpAT^^ conclusion, nous rappellerons Texemple donne par 
CASTAING (1961). Soit a analyser de faibles concentrations de 
cuiyre dans un alliage a base d’aluminium. Pour avoir une 
emission K oi (Cu) de 500 cps, les conditions optimales seraient 
- 12,2 kV, + Zjjj = 1,7/i. A 30 kV, le diametre de la r%ion 
analysee atteindrait 7/x. 

3. Analyse de Tres Petits Objets 


II est cependant possible d’analyser detrespetits objets, 
par exemple dans un alliage, des precipites de dimension infe*- 
rieure ou tres inferieure au micron. L^objet est alors soit une 
lame mince, soit, unereplique avec extraction, preparee suivant 
une technique bien connue en microscopie electronique. Dans 
ces dernieres conditions les effets de matrice sont supprimes. 

est launavantage important car tres souvent lememe element 
se recontre,^ en concentrations differentes, dans la matrice et 
ans les^ precipites. Enfin il n’est pas de limite de taille pour 
ces precipites, car I'extraction peut comporter un nombre aussi 
grand qu'on le desire de particules, de.sorteque I’intensite X 
emise so it suffisante pour I'analyse. La principal limite reside 
dans la preparation de I’objet: il s'agit de trouver le reactif 

SiiTT selectivement la matrice. (HENRY, PLATEAU et 

PHILIBERT, 1958, 1961.) 

Une analyse^ quantitative de tels objets est possible: 
comme onne connait pas leur epaisseur ni leur taille, seule a 
une signification le rapport des concentrations des elements pris 
deux a deux. Enfin, des examens par balayage peuvent preciser 
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la repartitiondes elements chimiques entre diverstypesde pre- 
cipites et done permettre de distinguer ces types. La Figure 20 
montre, a titre d'exemple, et par comparaison avec une micro- 
graphie electronique, que I'image des precipites obtenue par 
cette methode est bien fidele. 

4. Domaines d'application 

Des ses premiers travaux, CASTAING avait montrd des 
applications de sa methode a divers objets metallurgiques. Par 
la suite nous avons eul'occasionde decrire un assez grand norn- 
bre d'applications effectuees en France, enparticulier au congres 
de 1957 de I’AIME (CASTAING, PHILIBERT et CRUSSARD). 

n n'est pas dans notre but de decrire ces applications. 
Le nombre croissant de publications et d'appareils en service 
montrent combien le microanalyseur a sonde electronique devient 
un outil indispensable au metallurgiste et au mineralogiste (J. 
PHILIBERT, H. BIZOUARD, 1959; J. PHILIBERT, 1962). Des 
applications a des objets biologiques ont meme ete signalees 
depuisquelque temps par BOYDE, SWITSUR, PEARNHEAD (1961) 
et MELLORS et CARROL (1961). 

Ill - CONDITIONS DE TANALYSE QUANTITATIVE 

A - POSITION DU PROBLEMS 

La relation entre I'intensite emise par un element A et la 
concentration de cet element est A la base de 1'analyse quanti¬ 
tative. Malheureusement elle ne peut etre etablie que dans des 
cas simples (rayonnementexcitateur monochromatique par exam¬ 
ple). Cependant les relations obtenues ainsi peuvent etre utiles 
pour determiner les conditions optimales a remplir dans des 
cas moins simples. 

Considerons un echantillon complexe (oii I'element A de 
concentration C^est dissous dans une matrice M) irradie par 
un rayonnement X monochromatique X, e'mettant un rayonnement 
X' que I’on analyse. Si Tangle d'incidence et Tangle d'emission 
sont egaux, il est facile de voir (GUINIER, 1961) que le rapport 
des intensites de la raie X' emises par Techantillon I^ et par un 
temoin A pur 1° est egal a: 


i; K + (1 - K) C^ 


avec 


(M/p); 

(ja/p)A + (m/p) A 

A. A. 


( 2 ) 
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en designant par (/x/p)j^ le coefficient d'absorption de X pour la 
lonpeur d'onde X. II n'y aura proportionnalite entre I'intensite 
emise et la concentration que si K= 1, c'est-a-dire si les coef¬ 
ficients d absorption de A et M sont egaux. Sinon on obtient des 
courbes hyperboliques (Figure 21) qui montrent que la sensibi- 
lite vane considerablement suivant la concentration, puisque: 


dC^ " K 


pour = 0 


( 3 ) 


d (IaAa) 

~dc7~ " ^ Cj, = 1. (4) 


(element A dissous dans 
une matnce de bas numero atomique), I'intensite varie d'abord 
tres rapidementavec Cj^ puis reste ensuite a peu pres constante: 
1 analyse n est possible qu'aux faibles concentrations. 

1® ^ye™ement excitateur est forme d'^ectrons, 
le coefficient d absorption du rayonnement X est en premiere 
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approximation negligeable devant celui des electrons et, comme 
de plus celui-ci est a peu pres independant du numero atomique, 

K « {ii/p)l/{n/p)l« 1. (5) 

II y a proportionnalite emission-concentration. C'est en 
particulier le cas de la microanalyse a sonde electronique, que 
nous voudrions discuter de maniere plus detaillee, car les di- 
verses approximations et les interactions des elements consti- 
tutifs ont ete etudiees theoriquement par CASTAING (1951, 1955 
et 1960). 

B - MICROANALYSE A SONDE ELECTRONIQUE 
1. Relation Emission-Concentration 

Considerons un faisceau d'electrons bombardant sous 
incidence normale une anticathode de densite p, contenant I'ele- 
ment A de masse atomique A en concentration massique C^, et 
etudions remission d’une raie, Ka par exemple, caracteristique 
de I'element A. Suivons un electron le long de sa trajectoire; 
sur un element de parcours dx le nombre d'ionisation dnj^ sera 
proportionnel au nombre d'electrons K (A) par unite de volume 
et a la section efficace d'ionisation K des atomes A. La pre¬ 
miere quantite est proportionnelle a pC^/A, nombre d'atomes A 
par unite de volume. La seconde peut s'ecrire sous la forme 
d'une fonction de I'energie E de I'electron et des caracteristi- 
ques de I’atome A; (E). De sorte que le nombre d'ionisation 
peut s'ecrire: 


C C 

dnjj = p (E) dx = ^ 

ou 

= A dE/d(px) ^ 

enfaisant apparaltre laloi de deceleration des electrons dE/d(px). 
Le nombre total d'ionisation K par electron incident s'obtiendra 
en integrant I'expression precedente entre Eo, energie initiale 
de I'electron, et Er; 


- A 4 dE/d(px) 


dE . 


( 8 ) 
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Une premiere approximation consiste a admettre pour loi de 
deceleration une loi universelle independante de la nature des 
elements constituant 1'anticathode 

dE/d(px) = cp{E) (9) 

de sorte que I'expression (8) peut s'ecrire 

% = X fA(E)dE (10) 

K 

la fonction ne dependant que des caracteristiques de I'ele- 
ment A. Cette fonction sera done la meme pour rechantillon et 
le temoin constitue de A pur. Pour celui-ci, on aura: 



E 


Le rapport des intensites de la raie consideree emises par 
I'echantillon et le temoin est egal au rapport n^/n^; d'ou: 



II y 3. propoytionnalite waie emission-cone entTation: e'est la 
premiere approximation. 

En realite la loi de deceleration est un peu plus com- 
plexe que ne le suppose la relation (9): elle est fonction des 
caracteristiques de tousles element presents dansl'anticathode. 
Citons a titre d'exemple la loi de de'celeration de BETHE, qui 
pour un element pur s'ecrit: 


dE 

d(px) 


-27rNe^ 


"L log (2E/J) 
A E 


(13) 


ou J designe un potentiel moyen d'ionisation des atomes A de 
numero atomique Z et N le nombre d'Avogadro. 

Nous ecrirons la relation (13) sous la forme 


dE 

d(px) 


Sa<P(E) 


et pour une anticathode complexe 


(13') 
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d'ou 


dE ^ „ 

d(px) alii age 


cp{E) 


= 


CJA 


al•iage 


Ek 

/ i^{E) dE 

E 


et, pour le temoin: 


0 



1/A r 
Sr 


E, 


E, 


fA(E) dE 


(14) 


(15) 


(16) 


d’ou 


1a Qa^a 

ir 


avec 


J®al1iage 

K =s, 


SSiCi 


(IT) 


C'est la seconde approximation qui prevoit un ecart par rapport 
a la loi de proportionnalite vraie de la premiere approximation. 
Considerons par exemple un alliage binaire AB. 


li _^A_ , f*- ( 18 ) 

Ij- C.Aad-C.) C,(l-t<)A« 

avec a = (Xb /Q!a - 

On voit (Figure 21) que si /a^ > concentration mesuree 
est inferieure a la concentration vraie et inversement- 


Notonsbien que la demonstration precedente n estvalable 
que si toute la trajectoire utile de 1'electron, c'est-a-dire la 
portion de trajectoire le long de laquelle I'energie de 1 electron 
est comprise entre E„ et E^, estentierement situee al'interieur 
de 1'anticathode. Ceci n'est pas le cas general du fait de la 
retrodiffusion des electrons. L’intensite mesuree I^, est infe¬ 
rieure a celle qu’on mesurerait s'il n’y avait pas de retrodittu- 
sion des electrons, soit Ia- Posons 

i; = iIaa 

le coefficient etant superieur a I'unite. On aura done: 


(19) 
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^A ^ ^ 

1° ~ T° A ~ X 

^A ^alliage ''^alliage 

en supposant que (SX) alliage peut s'exprimer sous la forme 
SSi Xj^ Cj, la relation (17) demeure valide mais avec 

Of. = Sj^Xj. (21) 

Les parametres sont fonction decroissante du numero ato- 
mique Z*. Au contraire les parametres X^ sont fonction crois- 
sante de Z, puisque la fraction d'electrons retrodiffuses aug- 
mente avec Z. 

Par consequent, dans le cas d'echantillons composes 
d'elements de numeros atomiques voisins, la pvemiere approxi¬ 
mation est valide. Ce n’estquelorsque les elements constitutifs 
ont des Z trop differents, que la seconde approximation, et done 
le problems de determiner les coefficients a, doivent etre 
envisages. 


Nous avons deja note que si le tauxd'excitation estvoisin 
de L'unite (E^ »Eg),reffet de retrodiffusion est negligeable, car 
I'electron perd toute son energieutile dansTechantillon etquand 
il est retrodiffuse son energie est inferieure a Ej^. La seconde 
approximation doit etre alors verifies avec o? = S. Dans ces 
conditions de faible excitation, les coefficients oi seront tres 
differents pour les divers elements et la relation emission- 
concentration sera tres eloigne^e d'une relation lineaire. 

Mais, comme I'a fait remarquer CASTAING, e'est pro- 
bablement le seul cas ou Ton peut attacher des coefficients a a 
c^que element. En effet, si I'on eleve le taux d'excitation, la 
retrodiffusion n'est plus negligeable, mais devient de plus en 
plus importante au fur et a mesure que E^/Ej, croit. II peut 
meme se produire une compensation entre les effets de retro- 
diffusion et de deceleration, telle que pour un certain taux 
d'excitation 


a = SX = 1 

si bien que la premiere approximation se verifie. 


*cf. la relation (13) ci-dessus par exemple; deux effets s'ajoutent: le 
nombre d'electrons par unite de masse Z/A decroit quand Z croTt; 
d'autre part le potential moyen d'ionlsation augmente avec Z, les elec¬ 
trons devenant en moyenne plus fortement lies au noyau. 
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Pour un taux d'excitation quelconque, il n'est pas possi¬ 
ble entoute rigueur d'affecter un coefficient a a chaque element. 
Considerons par exemple un alliage binaire AB. Par comparai- 
son des concentrations vraies et mesurees de I'element A, on 
peut calculer un rapport de coefficients oia/^b- ^es memes 
mesures avec B donnent de meme Mais puisque pour 

une meme tension les taux d'excitation de A et B seront diffe- 
rents, on n'observera pas que aja^ est I’inverse de “b/^a- 
Cependant POOLE et THOMAS ( 1962 )ontessayed’etablir 
une table des coefficients a = SX caracteristiquesde chaque ele¬ 
ment. Pour cela ils ont pris les valeurs de S calculees par 
NELMS et ajuste les valeurs de X d'apres un certain nombre 
d'alliages pris comme etalons. ^ Si cette methods n'est pas 
absolument rigoureuse, elle represents neanmoins une tentative 
interessante, valable pour des taux d'excitation ni trop faibles 
(a S), ni trop forts (a ^ X). Elle donne des resultats satis- 
faisants pour les alliages binaires etudies, ou les differences de 
numero atomique peuvent etre tres elevees. Un cas impor¬ 
tant est celui des alliages d'uranium. Cependant il serait in- 
teressant de mesurer experimentalement S en travaillant a de 
tres bas taux d'excitation, et ensuite d'utiliser une famille de 
courbes X(Z), X croissant avecle taux d'excitation Eq/Ej^. Cette 
methods permettrait peut etre d'analyser les alliages ternaires 
les plus complexes ou il ne peut plus etre question d'ajuster les 
parametres avec des alliages e'talons, leur nombre devenant 

trop eleve. ^ ^ , 

Remarque. Considerons un element leger A dissous dans 

une matrice de Z eleve, en faible concentrations C^. Pour les 
faibles taux d'excitation on aura aja^ ~ S^/Sg >1 et la con¬ 
centration mesuree sera superieure a la concentration vraie; si 
pour de forts taux d'excitation, I'effetde retrodiffusionl'emporte 
on aura a./oB < 1 et la concentration mesuree sera mferieure 
a la concentration vraie. On balaye le faisceau de courbes de 
la Figure 21. Il peut alors se trouver un taux d'excitation tel 
que la proportionnalite emission-concentration soit verifies. 

2. Corrections d'absorption et de fluorescence 

Le probleme de I'analyse quantitative n'est cependant 
pas limits a la validite de la premiere ou de la seconds approx¬ 
imation, c'est-a-dire aux effets primaires que sont les lois de 
deceleration et de diffusion des electrons dans I'objet. Dans le 
cas ou I'alliage est forme d'elements de numeros atomiques 
voisins, et ou la premiere approximation est yalide, on observe 
encore des ecarts a la proportionnalite emission-concentration. 
Ces ecarts sontdus a des effets que nous qualifierons de secon- 
daires, car ils agissent non pas comme les pre'cedents sur les 
electrons incidents, mais sur les rayons X emis. 
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a. Le rayonnementemis par les atomes Adel’echantillon 
subit des reabsorptions a Tinterieur de rechantillon lui-meme. 

b. Les atomesAemettentun spectre X derates par suite 
des ionisations provoquees non seulement par les electrons ex- 
citateurs, mais encore par certaines rales caracteristiques emi- 
ses par les autres elements presents ou par le spectre continn. 

Trois corrections a appliquer aux rapports d^intensites 
de raies mesurees doivent done etre envisagees: absorption, 
fluorescence par des raies caracteristiques, fluorescence par 
le spectre continu. 

L^importance de ces effets sont differents pour 
I’echantillon et le temoin pur (le second effet est evidemment 
nul pour le temoin). Elle depend en particulier des valeurs des 
coefficients d’absorption des divers elements presents pour les 
diverseslongueursd’onde emises. Unexamende ces coefficients 
d’absorption indique ^existence des effets d^absorption et de 
fluorescence par raies caracteristiques. L ^importance de la 
fluorescence par le spectre continu est plus difficile a evaluer. 

n) Correction d^absorption 

Etudions remission X non plus en suivant un electron 
le long de sa trajectoire, mais en considerant I’effet global 
d^absorption et de diffusion des electrons en fonction de la pro- 
fondeur z dans Techantillon. 

Soit une couche de matiere parallels a la surface de 
I’echantillon d’epaisseur d(pz), situee a la profondeur pz. la^in- 
tensite de la raie Kq (A) emise par cette couche pent s’ecrire 

^i(pz) d(pz). (22) 

La fonction (pj^(pz) est le produit de trois fonctions. 

La premiere exprime la fraction du nombre initial 
d electrons qui atteignent la couche consideree. Elle est donnee 
en premiere approximation par la loi de LENARD: exp (- cpz). 
La seconde fonction exprime le ’’rendement” de la couche d(pz): 
celle-ci n’est pas traverses orthogonalement par les electrons, 
car par suite de leur diffusion, ceux-ci la traversent sous des 
angles d incidence varies et aussi bien de haut en bas que de 
bas en haut; le parcours moyen d’un electron dans une couche 
sera non pas d(pz) mais R(pz)d(pz). La troisieme fonction est 
m fonction d’ionisation des atomes A sur le niveau K considere. 

lie peut se calculer, connaissant la section efficace deionisa¬ 
tion. Elle peut etre consideree comme approximativement 
constante tant que E > 1,5 E^. 

L emission dans le temoin peut s’e^crire de la me me 
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dl° = (Pf^ipz) d(pz). (23) 

Integrons de 0 a I’infini pour avoir les emissions totales et 
faisons le rapport des deux expressions obtenues; il vient; 

00 

/ ^i(pz)d(pz) 

C. - -. (24) 

T° A “O 

* I d(pz) 

o 

II aura proportionnalite emission-concentration que si les 
deux integrales sont egales. On retrouve ainsi les deux ap¬ 
proximations. 

Nous allons maintenant tenir compte de 1 absorption 
du rayonnement emis au sein de I'objet lui-meme. Soit (p/p)^® 
et (m/p)* les coefficients d'absorption massique de la rale 
analysee dans I'echantillon et le temoin: 

(m/p)^ = 2(m/p)' c. . (25) 

Soit 6 I'angle d'emission du rayonnement mesure (determine par 
la construction du spectrometre). 

On recueillera (Figure 22) I'intensite dlj^ telle que 


dl^ = dl^ exp 



Pz 

[pj 

sin 6 


(26) 


quotient 


Pour alle'ger la notation, nous appelerons le 
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(27) 


de sorte que: 


00 

I (Pi (Pz) exp [- x^Pz] d(pz) (28) 

o 

= Cj^Fi(x^) (29) 

en designant par Fi(x) la transforme'e de LAPLACE de la 
fonction cp^ (pz). 

Une relation analogue est obtenue pour le temoin 


oo 


^A° = / <Pa (pz) exp [- x^ pz] d(pz) 

0 

(30) 

= Fa (x^) 

(31) 

d'ou finalement: 


1a Fi(x“) 

C ■ ^ F^(xA) • 

(32) 


La concentration vraie s'obtient en multipliant le 
rapport des intensites mesurees par Fy^(x*)/Fi (X'®). La varia¬ 
ble X depend de la composition de Talliage, mais le calcul de la 
correction exigera la connaissance des fonctions F(x). 

particulier que I'intensite vraie Ia et 
1 intensite mesuree I]^ sont reliees par: 

Ia= 1\f{0)/F{x) = l’A/f(x). (33) 

m etablies experimentalement par CAS- 

T ING et par CASTAING et DESCAMPS soit en faisant varier 

T calculant la transformee de 

LiAPLACE de la fonction cpipz) etablie experimentalement. 

^ est facile de voir que la fonction F(x), comme la 
tonction (p(pz) n'estpas une fonction universelle. Elle depend 
e (3ei^ parametres: la tension d’acceleration des electrons, 
qui determine en particulier le coefficient de LENARD cr, et les 
caracteristiques atomiques des ele'ments constitutifs de I'anta- 
cathode qui conditionnentparticulierement la diffusion des elec¬ 
trons, et a un moindre degre leur penetration. 
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Aussi faudrait-il disposer d'une double famille de 
courbes, les parametres etant d’une part la tension d'accelera- 
tion, d'autre part la nature des elements chimiques (carac- 
terises par exemple par leur numero atomique). 

Le nombre de courbes experimentales demeurant 
restreint, il parait interessant de representer analytiquement 
la fonction F(x), afin de pouvoir calculer la correction d’ab- 
sorption sans I'aide de courbes experimentales. Diverses ten- 
tatives ont ete faites en ce sens. Nous donnerons ici I'expres- 
sion que nous avons proposes (PHILIBERT, 1961). Nous avons 
exprime analytiquement la fonction cp{pz) en supposant que le 
coefficient ct ne depend que de la tension d'acceleration et que 
la diffusion des electrons ne depend que de la nature des ele¬ 
ments chimiques. Calculant la transformee de cette fonction, 
on trouve une expression un peu lourde, dont une formule sim- 
plifiee, plus commode pour le calcul, s'ecrit: 


_ 

F(x) 





( 34 ) 


-a est un coefficient fonction de la tension, dont une 
table a ete etablie. Void quelques valeurs a = 1820 a 30 kV, 
2550 a 25 kV, 3725 a 20 kV, 5900 a 15 kV, 9600 a 10 kV. 

-h = 1,2 (A/Z2); dans un alliage, h est calcule en 

considerant la valeur moyenne de A et Z. 

Les parametres o et h ont ete ajustes pour repre¬ 
senter correctement les courbes f(x) etablies par CASTAING et 
DESCAMPS sur Al, Cu, Au. Comme I'expression (34) n’est 
qu'approchee, ceci fait perdre un peu de leur signification phy¬ 
sique a a et h. Mais nous croyons qu’il est important d'avoir 
une expression analytique commode pour le calcul numerique, 
meme au prix de cette simplification. 

Remarquons que, bien que la fonction F(x) depende du 
numero atomique, elle ne groupe pas I'effet d'absorption et la 
seconde approximation. II aurait fallu pour cela conserver la 
relation non simplifiee et de plus tenir compte de la variation 

du paramdre o avec Z. ^ 

La relation (34) peut etre utilisee dela fa^on suivante. 
On se donne a priori deux compositions possibles de 1 alliage 
etudie. On calcule alors x puis F(x)pour cet alliage et letemoin. 
La relation (32) donne alors les rapports d'intensite correspon- 
dants. Par comparaison avec les intensites mesurees, on en 
deduit par simple interpolation la valeur vraie de la concentra¬ 
tion (a la premiere approximation). 


b) Correction de fluorescence 

La correction de fluorescence peut etre importante 
dans le cas ou I'element A presente une forte absorption pour 
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une raie intense emise par B. L'intensite de la raie emise par 
A est alors renforcee par fluorescence. Le calcul de correction 
demande d’evaluer le rapport 

rapport de l'intensite emise par A dans la raie analyses par 
fluorescence et par emission directs. L'intensite noesuree 
effectivement serait !•* + I s'il n'y avait pas d'effet d'absorp- 
tion. La correction de fluorescence doit done etre calculee en 
premier lieu. 

Le rapport l//I^ a ete calcule par CASTAING et par 
WITTRY moyennant differentes hypotheses. A titre d'exennple, 
citonsle cas d'alliages hinaires Fe-Cr* ou ternaires Fe-Ni-Cr, 
ou la for mule de CASTAING nous a permis de calcule r des 
valeurs de la concentration en Cr en tres bon accord avec les 
valeurs experimentales comme le montrele tableau ci-dessous, 
qui permet d'apprecier I'importance de cette correction dans un 
cas ou elle est tres forte. 


Alliage 

Analyse 

CMmique 

Microanalyse 

Cr % 

AC 

C 

Ni % 

Cr % 

Me sure 

Corrige 

A 

35,95 

10,32 

12,45 

10,6 

+3% 

B 

35,9 

10,34 

10,34 

10,4 

-0,6% 

C 

35,7 

4,66 

4,66 

4,55 

-2,5% 

D 

35,8 

7,46 

7,46 

7,9 

+5,4% 

E 

40,5 

10,30 

10,3 

10,1 

-2% 


^ ^ La fluorescence par le spectre continu est plus diffi¬ 
cile a evaluer, car elle depend d'un plus grand nombre de fac- 
importance a ete' mesuree experimentalenuent par 
CASTAING et DESCAMPS (1955) pour des anticathodes de Zn, 
W, Bi. Recemment HENOC (1962) a donne une formule qui per¬ 
met de calculer Ij , intensite d'une raie donnee emise par flu- 
orescence sous I'effet du spectre continu dans le cas d'anti- 
cathodes simples ou complexes. Le rapport l//!* ainsi calcule 
L amc valeurs experimentales. L'accord est satis- 

faisant et les resultats montrent que ^importance de cet effet 


*Le coefficient d’absorption de la 
ticnlierement eleve: 450. 


raie K a (Fe) dans le chrome est par- 
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est assez faible et varie peu avec le numero atomique, comme 
le montre le tableau ci-dessous (valeurs calculees pour une 
tension de 30 kV). 


Anticathode 

Zn 

W 

Au 

Bi 

1 ^/I ^ (calcule) 

0,032 

0,023 

0,029 

0,035 

Raie 


La^ 

L a 

L 


L'evaluation de cet effet est particulierement com- 
plexe pour les rates L du fait des trois niveaux Lj, Ljj, L jjj, 
les parametres necessaires n'etant pas toujours Men connus 
entre les discontinuites d'absorption correspondantes. 


En resume les divers calculs de correctiontels qu'ils 
sont pratiques actuellement donnent des resultats satisfaisants, 
tant que les numeros atomiques des elements constitutifs ne 
sont pas trop differents. Sinon rimportance de la seconds ap¬ 
proximation necessite de nouvelles recherches. Ces travaxix 
devront en particulier s'attacher a preciser I'influence du taux 
d'excitation, qui en ge'neral est choisi a une valeur commode, 
qui depend de I'appareil utilise, de la sensibilite et du pouvoir 
separateur que Ton vise, mats qui n’est pas forcement la valeur 
optimale pour une bonne evaluation des coefficients a de la 
seconds approximation. 

CONCLUSIONS 

La spectrometrie de rayons X grace a ses pincipes sim¬ 
ples a done ete exploitee suivant des voies tres differentes, 
mats avec des techniques de mesures voisines, particulierement 
en ce qui concerne les de'tecteurs et I'electronique qui doit les 
accompagner. Deux techniques se sont surtout developpees a ce 
jour; I’analyse macroscopique par fluorescence, et la micro- 
analyse a sonde electronique. Les progres recents ont concerne 
des perfectionnements de ces deux methodes (en particulier ex¬ 
tension de I'analyse aux elements legers, puis tres legep)plutot 
que le developpement d’autres methodes deja connues (emission 
directe ou microabsorption et microfluorescence en particulier). 
Cependant I'utilisation de sources^ radioactives peut un jour 
apparaitre comme un concurrent serieux des appareils de flu¬ 
orescence, car de nombreux laboratoires ont besomed un appa- 
reil particulier repondant a un besoin precis, plutot que d'un 
appareil tres puissant, aux multiples applications et aussi au 
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prlx de revient eleve. II est possible enfin que le domaine de la 
microanalyse a sonde electronique soitetendu a une echelleplus 
fine. L^utilisation de lames minces, qui evite la diffusion des 
electrons, peut conduire a des pouvoirs de resolution eleves qui 
necessitent robservationdeTobjet dans I’appareil lui-meme par 
microscopie electronique. Des projets dans cette voie sont deja 
en cours de realisation. 
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X-RAY EMISSION SPECTRA AND CHEMICAL BOND 


A. Faessler 

I. Physical Institute, University of Munich 
Munich, Germany 


I. INTRODUCTION 

X-ray spectroscopy has contributed a great deal to our 
knowledge of the inner electron shells of the atom. Itis now well 
known that it may also provide valuable information about valence 
electron states. In recent years itwas recognized that the study 
of X-ray spectra is of special interest for the elucidation of the 
electronic structure of crystals and for the investigation of the 
bond character in molecules and solids. 

n. X-RAY SPECTRA OF BOUND ATOMS 

In studying valence electron states by means of X-ray spec¬ 
troscopy we have a direct and a more indirect way of approach 
to the problem in question. To make this clear, let us consider 
an element of the third period of the periodic table, e.g., 14 
silicon, 15 phosphorus, or 16 sulphur. The atoms of these ele¬ 
ments have a complete K- and L-shell; the electrons of the M- 
shell are the valence electrons. If the element in question is 
bound in a solid then the valence electron states form a broad 
energy band, part of which is occupied by electrons. 

Now the following electron transitions are possible (Figure 1): 
From L to K, from M to K and from M to L, giving rise to the 
emission of Ko-, Kfi-, and L-radiation respectively; the tran¬ 
sitions from K and L to M correspond to the K-absorption and L- 
absorption spectrum. 

The whole of this spectrum, emission and absorption, shows 
effects of the physical and chemical state of the emitting or 
absorbing atom. This is not surprising for transitions which 
begin or end in a valence electron level: with a solid substance 
we observe more or less broad emission bands corresponding to 
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Figure 1. 


Simplified level system showing possible transitions for atoms 
like 14 Si^ 15 P, 16 S. 


the energy bands of the crystal and generally varying in wave¬ 
length and structure from substance to substance. This is true 
for the iqs-^ectrum as well as for the L-^ectrum. Taking 
silicon as an example,we find the K^-band near 6.7 Aor 1840 eV, 
the L-emission band in the soft X-ray region at 120-160 k or 
80-100 eV. the absorption spectrum in the K-series shows 
edges with a more or less pronounced structure, in the L-series 
we find broad absorption bands, both different for different 
substances. 


It is remarkable that not only the spectra resulting from 
valence electron transitions hut also the Ka-lines, arising from 
transitions between the two inner levels, are influenced by the 
physic^ and chemical state of the atom. In this case the domi- 
natii^ featureis a chaise in wavelength rather than a pronounced 
stacbmal change, both lines being shifted by the same amount 
that the well known characteristic doublet appears, 

e wave ®Dgths of which are easily measured with high precision. 

























X-RAY EMISSION SPECTRA AND CHEMICAL BOND 309 

ni, ELECTRONIC STRUCTURE AND BOND TYPE STUDIES 

BY X-RAY SPECTROSCOPY 

What can we hope to find in studying these effects more 
closely ? The answer is again clear in the case of the direct 
valence electron bands. Wemayejqpect them to give us a picture 
of the energy band system, the emission bands representing the 
occupied part, the absorption band representing the empty part 
of the band system. Work in the soft X-ray range—for several 
reasons long wavelength X-rays give the most detailed informa¬ 
tion—has indeed confirmed the principal concepts of the energy 
band model. 

However, clear results have been obtained only with the 
elementary crystals of light elements. The study of compounds 
and elements of higher atomic number has so far not been very 
successful. The reasons shall not be discussed here in detail, it 
may only be mentioned that there are considerable , experimental 
difficulties to obtain reliable results in this spectral range. We 
,ghall come back to the question of the direct valence electron 
transitions later. 

As to the influence of the chemical bond on the Ka-lines, it 
is clear that the shift of these lines is a second order effect re- 
pnl ting from the change in the screening of theK- and L-electrons 
if a charge occurs in the valence electron shell. Obviously this 
effect offers the possibility to study the contribution of the differ¬ 
ent electron shells to the polarization of the atom. But this is a 
question which shall not be discussed here. 

There are other applications of the line shifts. In a system¬ 
atic investigation [l] of the wavelengths of the sulphur Ka-lines 
for a large number of different compounds using fluorescence 
excitation we found surprisingly simple rules for the shifts of the 
Ka-doublet, indicating that it is the charge of the atom which 
determines the position of the lines. Thus by precise wavelength 
measurements of the Ka-lines valuable information can be gained 
concerning the bond type in a great variety of compounds, me¬ 
tallic phases, semiconductors and insulators. This will be shown 
in some detail in the following parts. 

IV. THE SHIFT OF THE SULPHUR Ka-DOUBLET 

In the first place the wavelengths of the Ka-linesare deter¬ 
mined by the oxidation number of the emitting atom (table 1). 
Relative to the free element the shift is toward longer wave¬ 
lengths, if the charge of the atom is negative as in sulphides; the 
shift is toward shorter wavelengths, if the charge is positive. 
The higher the oxidation number, the shorter are the wave¬ 
lengths. 
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Table 1 

Mean Wavelengths and Shifts of S Kaj 2 for the 
Different Oxidation States of Sulphur 


Oxidation 

A (XU) 

Mean Shift 

State 

Kai 

Kai 

AX (XU) 

^E (eV) 

S<5+ 

5358.08 

5360.89 

-2.76 

+1.19 

S'*+ 

58.63 

61.47 

-2.20 

+0.95 

S2+ 

60.13 

62.93 

-0.72 

+0.31 

s° 

60.83 

63.66 

- 

- 


61.15 

63.99 

-i-0.33 

-0.14 


In different compounds of the same oxidation number one 
does not always find the same wavelengths. In more covalent 
molecules and complexes the exact position of the lines is de¬ 
pendent upon the electronegativity of the next neighbours of the 
emitting atom. An example of this is given in Figure 2, showing 
the series sulphite, thiosulphate, sulphate, fluorsulphonate. The 
lines indicated in Figure 2 refer to the central sulphur atom 
which in the case of sulphite is surrounded by three oxygen 
atoms, in the case of the other compounds again by three oxygen 



Figure 2, Position of the S Ka-doublet in the series sulphite, thiosulphate, 
sulphate and fluorsulphate. 

atoms and a fourth neighbour, the electronegativity of which is 
increasing in the order given above (sulphur 2.5; oxygen 3.5; 
fluorine 4.0). Thus the central atom becomes more and more 
positive in the same order, and again we find that the higher the 
charge of the emitting atom the shorter are the wavelengths. 

Corresponding results have been obtained for the elements 
phosphorus and silicon. Though the measurements for these two 
elements havenot been as extensive as for sulphur, it seems that 
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the same riiles are valid for all three elements. They may be 
summarized in the following way: 

Relative to the lines of the free element the lines of the atom 
in a compound are shifted toward shorter wavelengths or higher 
energies, if the atom has a positive charge, toward longer wave¬ 
lengths or lower energies, if it has a negative charge in the com¬ 
pound. The special position of the lines is determined by the 
oxidation state of the emitting atom and by the electronegativity 
of its neighbours, i.e., by the actual charge of the atom. 

V. EXPERIMENTAL 

If one wishes to study a greater variety of compounds, in¬ 
vestigations of the kind described above require of course pure 
fluorescence excitation, which has been applied to this kind of 
work for the first time by the author [2]. Moreover high resolv- 
ing power of the spectroscopic apparatus is necessary. It is true 
that in the case of sulphur the maximum shift is about 3 XU or 
1.3 eV (between and S^-), a surprisingly large shift, con¬ 
sidering the fact that the bond energies themselves are not higher 
than a few electron volts. However, for the study of finer details 
of chemical bonds it is desirable to cover shifts down to about 
O.IXU. This means that commercial units for X-ray fluorescence 
analysis cannot be used, their resolving power being much too 
small. Larger Br^g spectrographs or better curved crystal 
spectrographs together with special secondary X-ray tubes satisfy 
the conditions of high luminosity and high resolving power. 

VI. STUDIES OF SULPHUR COMPOUNDS USING THE SHIFT 

OF THE Ka-DOUBLET 

Molecules and Complex Ions 

There are several sulphur compounds containing sulphur 
atoms in two different oxidation states, a well known example 
being the above mentioned thiosulphate. With regard to the re¬ 
sults described in Part IV one would expect to find in such cases 
two doublets corresponding to the two kinds of sulphim atoms. 
This has indeed been found in the case of thiosulphate. 

With this substance three lines are obtained, one with X = 
5358.49 XU, the Koj "line of the central S-atom, a second one 
with X = 5361.35 XU, the Ko-j-line of the central S-atom, super¬ 
imposed by the Ko-i -line of the S-atom of low oxidation ntimber, 
and a third one with X = 5363.95 XU, the Koa-line of the latter 
S-atom (compare table 1 and Part IV). Thus the result demon¬ 
strates in a very direct way that the chemical formula according 
to the classical valence theory is correct. 



312 


SPECTEbSCOPy 


Another group of compounds with sulphur atoms of different 
oxidation states are the polsrthionates. All polythionates KO 3 S- 
Sn-SOaK (n = 1,2,3,4) give three lines, resulting as in the case 
of thiosulphate from the superposition of two doublets shifted 
one against the other for about the distance of the two components. 
The intensities of the three lines vary frompolythionate to poly- 
thionate, as is to be expected an account of the ratio of the two 
kinds of S-atoms. With dithionate KO 3 S-SO 3 K one observes a 
normal doublet, the two S-atoms beii^ equivalent. 

On the basis of these results it seemed worthwhile to study 
a problem concerning the electronic structure of the molecule 
N 4 S 4 , nitrogentetrasulphide. This molecule forms an eight-rii^ 
system with S- and N-atoms alternating. Writing out the formula 
according to the classical valence theoryplaces different charges 
on the sulphur atoms, say 2 + and 4 +, According to this one 
would expect two doublets as in the above mentioned cases. What 
is actually observed, however, is one normal doublet, the wave¬ 
lengths of the two lines being 5359.83 XU for Koii and 5362.85 XU 
for Kaa, thus indicating sulphur of an oxidation state of about 3+ 
(see table 1). This means that the electron distribution in the 
molecule N 4 S 4 is equalized by mesomerism. 

In S 4 (NH )4 the S-atoms are also positive but less than in 
N 4 S 4 . The wavelei^s 5360.11/5363.25 XU correspond to S^, 
in agreement with the chemical formula. For polynitrogensulphide 
(SN)x again only one doublet is found with wavelengths 5360.57/ 
5363.62 XU which means that all S-atoms have the same rather 
small positive charge, in agreement with the physical and chemi¬ 
cal properties of the substance [ 3 ]. 

Solid State Problems 

A problem much discussed in recent years is the bond type 
inzincblende, ZnS. Formerly looked at as a purely ionic crystal, 
it is now mostly considered to be a covalent crystal because of 
its tetrahedral structure suggestii^ a covalent bond of sp^ -char¬ 
acter. A certain ionic character is admitted, the values of the 
effective charge per ion as given by different authors varying 
widely. 

In studyi:^ this question we made carefiil measurements of 
the waveleigths of S Ka in numerous metal sulphides of different 
bond character, including natural and synthetic zincblende [ 4 ]. 
The surprisii^ result was that the wavelength of S Ka for all 
meM sidphides is the same within very narrow limits, probably 
within the limits of error. The value for given in table 1 is 
the mean value as found from the investigation of 18 metal sul- 
phides. From all we know about the shifts of Ka we have to con¬ 
clude that all metal sulphides have the same S-ion and hence one 
cannot speak of a covalent bond between Zn and S in zincblende. 
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It must be emphasized here that the method is sensitive 
enough to d ifferentiate between different bond types of sulphur 
of low oxidation number. This is demonstrated in Figure 3, 
showing the lines for metal sulphides, which have the extreme 
position on the long wavelength side, for organic sulphides 
(X = 5360.98/5363/78 XU) with clearly less negative sulphur, 
elementary sulphur with atoms of charge zero and finally sulphur 
with positive charge (in thiopiperidine, where sulphur is bound 
to nitrogen, the electronegativity of which is higher making 
sulphur positive), giving lines with wavelengths shorter than 
those of the element. 


Hai Htt} 


Metal sulfide* 


:i 

Organ. Sulfides 


i 

Khomhic 1 



r' .. .J . _ 


_.-.-t- Au ..1™ 

5360 5361 5363 5363 536i 


Figure 3. Position of the S Ka-doublet in metal sulphides.orgonic sulphides, 
elementary sulphur and thiopiperidine ). 

The extreme covalent bond in ZnS would mean charge 2+ for 
sulphur, a bond with 50% ionic character would mean about charge 
zero. Hence the S Koe -doublet of ZnS should be found somewhere 
between the doublets of S 2+ and sulphur in the elementary form 
or perhaps in organic sulphides. This, however, is not the case. 
The doublet for ZnS has the wavelengths 5361.23/5364.13 XU, 
well within the range of the other metal sulphides, the mean value 
of S Ka for all metal sulphides being 5361.15/5363.99 XU. Sothe 
assumption of a covalent bond in zincblende is not in agreement 
with these results and can hardly be maintained. 

Vn. STUDIES OF PHOSPHORUS COMPOUNDS USING THE 
P Ka-DOUBLET 

Investigations on these lines using the P Ka-doublet have 
recently been carried out with phosphides [5], some of which 
having zincblende structure are well known semiconductors of 
the group of the A™ B'^-compounds (table 2). The P Ka-doublet 
of the phosphides is shifted toward longer wavelengths relative 
to the doublet of the element, corresponding to the negative charge 
of the P-atom. However, the shifts are quite different for differ¬ 
ent phosphides, indicating charges on the P-atoms which are 
dependent upon the nature of the A™ -element and vary from 
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Table 2 


Mean Wavelengths and Shifts of P K ai ,2 for 
Different Compounds of Phosphorus 


Substance 

X(XU) 

Mean Shift 

Kai 

Ka^ 

AX (XU) 

AE (eV) 

P red 

6144.0 

6146.7 

- 

- 

CaiPHaOa) 

42.9 

45.4 

-1.20 

+0.40 

P 2 OS 

41.4 

44.0 

-2.45 

+0.81 

Mg3P2 

44.4 

47.2 

+0.45 

-0.15 


44.1 

46.8 

+0.10 


BP 

44.6 

47.4 

+0.65 

-0.17 

AlP (I) 

44.5 

47.5 

+0.65 

-0.17 

GaP 

44.7 

47.3 

+0.65 

-0.17 

InP 

44.3 

47.3 

+0.45 

-0.15 


substance to substance. Here we are justified to speak of a mixed 
bond type between the extremes of purely ionic and purely co¬ 
valent bond. So the picture of the tetrahedral A™ -compounds 
as bein^ practically covalent crystals cannot be maintained either- 
The ionic character appears to be quite pronounced as maybe 
concluded from the amount of the shift. It is note-worthy, ho-w- 
ever, that the ionic character as indicated by the shifts is not as 
it should be according to the electronegati-vities of B, Al, Ga and 
In. GaP should be less ionic than AlP; BP should be nearly co¬ 
valent. Finally it may be remarked that there are other observa¬ 
tions svqpporting the general result -that the semiconducting 
Aiu gv .pQjjipQjjjjjjg more ionic than has been assumed so 
far [6]. 

vm. ISOELECTRONIC COMPOUNDS WITH SEMICONDUCTOR 
PROPERTIES 

Another semiconducting compound of the same structure is 
carborundum, SiC. This substance has always been considered 
as a covalent solid, havii^ about 10% ionic character according 
to the electronegativities of Si(1.8) and C(2.5). Aswill be shown 
in the Part IX, wavelength measurements of Si Ka are in good 
with this assumption. Carborundum is isoelectronic 
with the above-mentioned phosphides and with zincblende. The 
resyuts of the X-ray spectroscopic study of these isoelectronic 
senes of compounds with semiconductor properties can. be 
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summarized like this: The -compound SiC is a covalent 

solid, its ionic character being small, in agreement with the 
electronegativities of Si and C. The A™ -compounds show 
mixed bond type, the ionic character being considerable and not in 
agreementwith the electronegativities of the elements concerned. 
For zincblende representing the A“ B''^’^ -compounds no indication 
was found for covalent bonds between Zn and S. Direct measure¬ 
ments with tetrahedral A^ B''’- -compounds have not been made 
so far, but there are other observations showing that it is very 
unlikely that covalent bonds exist between metal and negative ion, 
just as in the case of the An B^i -compounds. 

DC. THE K-SPECTRUM OF SILICON 

In a recent investigation of the K-spectrum of silicon we 
studied not only the Ka-lines but also the K^-band and the K- 
absorption spectrum in numerous compounds [7,8]. This work 
still being inprogress, only a few of the results shall be reported 
here. 

There are a few older measurements [9] with the fluorescence 
method (table 3) which are in full agreementwith our new values. 
The wavelengths given in table 3 for Si, SiOa and SiC make it 
immediately clear that SiC is not a ionic crystal as has concluded 
from infrared determinations of the effective charge [lO]. It is 
generally accepted that the bond in SiOa has 50% covalent and 
50% ionic character. Since the Si-doublet of SiC is shifted much 
less to the short wavelength side than that of SiOa, it is safe to 
say that SiC is a more or less covalent crystal. Si having a small 


Table 3 


Wavelengths and Shifts of Si Koi j for Different 
Compounds of Silicon 


Substance 

\ (XU) 

Mean Shift 

Kaj 

Ka^ 

^k(XU) 

A E (eV) 

Si 

7110.94 

7113.58 

- 

- 

Na^SiFfi 

()7.:i7 

09.99 

-3.58 

+0.87 

SiOj 

0B.4:J 

11.16 

-2.47 

+0.59 

SiS:^ 

08.49 

11.56 

-2.04 

+0.50 

Si 4 

08.96 

11.58 

-1.99 

+0.49 

SiC 

10.07 

12.67 

-0.89 

+0.22 

Mg 2^1^ 

11..W 

14.26 

+0.63 

-0.15 
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positive charge as it should be according to the electronegativi¬ 
ties oi Si and C. The structure of the Si K-band of SiC is further 
direct evidence for the covalent character of the bond. 

Small shifts, hardly beyond the limits of error, have also 
been found for several silicon-metal compounds, which means 
that they are metallic phases rather than compounds. This direct 
approach to the problem of the bond character in such systems 
has been very helpfxil to the chemists. 

The Suboxides of Silicon 

In the course of these investigations we could identify the 
lower oxides of silicon. Hitherto only one solid oxide of silicon, 
SiOj, has been known. The technical product SiO is not a pure 
chemical compound, as is well known. However, it is not a mix¬ 
ture of Si and Si02 as is often assumed. We checked this by 
making an artificial mixture of Si and SiO 2 , in the ratio 1 atom 
Si to 1 molecule SiOa. The Ka-spectrum of this mixture shows 
three sharp lines, the superposition of the doublet of Si and that 
of SIO 2 (table 3). The technical SiO gives a broad blackening 
showing that its composition is more complicated, the product 
probably containing lower oxides in addition to Si and SiO 2 . 

The first suboxide of silicon which we could identify was 
Si 2 03 . It was obtained by E. Cremer, Th. Kraus and E. Ritter [ll] 
in the form of thin layers produced by evaporation of technical 
SiO with a certain O 2 partial pressure in the high vacuum appa¬ 
ratus. For layers with the composition of latom Si to 1.5 atoms 
O optical extinction measurements seemed to indicate the exist¬ 
ence of Si 203 . This covild be proved by taking the Kcx-spectrum 
of the substance [l2]. It showed a proper doublet with wavelengths 
longer than those of Si02 (table 4). In Si02 each atom is sur¬ 
rounded by 4 O-atoms, in Si 2 03 the arrangement is most likely 
such that each Si-atom is surrounded by three O-atoms and one 
Si-atom. Because of the electronegativity of Si being smaller 

Table 4 


Wavelengths and Shifts of Si Kaj 2 Silicon Oxides 


Substance 

X (XU) 

Mean 

Shift 

Kai 

Ka2 

/iX(XU) 

/VE(6V) 

Si 

7111.16 

7113.77 


— 

'’Si20" 

09.32 

12.00 

1.81 

0.44 

SiaOa 

08.89 

11.55 

2.25 

0.55 

Si02 

08.69 

11.36 

2.44 

0.60 
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than that of O the charge of the Si-atom in Sia O 3 should then be 
lower than in SiOj. A smaller charge means a longer wave¬ 
length, which is actually found. 

E. Wiberg and W. Simmler [13] have announced this oxide 
several years ago, but they were notable then to identify it since 
it was amorphous. It could now be proved that their substance 
actually was also SiaQs . 

The suboxide Sia O could not be obtained, but there has been 
obtained a compound of the same oxidation state + 1 , SiaO-RaO = 
SiOR (R = C2Hs)[14]. Here each Si-atom is surrounded by 3 Si- 
atoms and 1 0 -atom. Consequently the Si Ka-doublet has still 
longer wavelengths (table 4). 

Attempts to prepare and identify pure solid SiO have also 
been successful, but the experiments are still in progress. 

The K|3-Spectrum of Silicon 

As mentioned above we have also studied the S’ K/3-band of 
the substances under investigation, using fluorescenv^v; excitation 
as in the case of Ka. For Si, SiOj and SiC the whole X-ray 
spectrum, including all emission and absorption bands of all 
three elements, is now known[7l. The consistency of the results 
is evident. As an example. Figure 4 shows the Si K(3-band of 
SiC together with the C K-band of SiC and for comparison the C 
K-bandof diamond. It will be seen that the three curves are very 
much of the same character, the first two curves representing 
the same energy band as projected to the K-level of Si and C 
respectively, the third one representing the energy band of a 
covalent crystal of similar electronic structure. 

Quite different from these curves is the curve representing 
the Kj3-emission of quartz, a crystal of a distinctly different 
electronic structure. The bandis narrower in this case andwith 
a tendency to the shape of a line which seems to be a general 
feature of crystals with a more ionic bond character. 

These results are of interest because there has been some 
discussion [15,16] that the form of the bands might be chained 
by exciton and other special excitation states in such a way that 
it might be practically impossible to reveal the proper structure 
of the energy bands. 

Our results do not justify this scepticism, and there are other 
arguments against this view. We found, e.g., that by variation of 
the excitation—as long as chemical effects are excluded the 
shape of the bands is not changed, which is unlikely if exciton 
states are involved. 

It is true that the long wavelength ends of the bands are 
broadened by an effect not yet quite understood. But the short 
wavelength ends and edges of the bands are certainly often 
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1B30 mo eV 



Figure 4. K-emission bands of diamond, carborundum and quartz. 


undisturbed, as in the case of Si, Si02 and SiC, where the energy 
difference between the short wavelength ends of the K- and L« 
emission bands is equal to the energy of Ka within the precision 
of the method. 

As far as experimental results could be compared with re¬ 
sults of theoretical calculations, they were never in contradiction, 
at least with regard to the fundamental features. One should also 
remember the consistency of H. W. B. Skinner^s work [17,18,19]. 
In order to get the complete picture of the energy band system of a 
crystal it will of course be necessary to study all emission bands 
of the atom in question because of the complementary character 
of the transition probabilities. 


The author is indebted to Dr. B. Kern and Dipl.-Phys. M. 
Ficker for discussion and help in preparing this paper. 
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SPECTROSCOPIE X D’ELEMENTS RADIOACTIFS 
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L'extension des etudes de spectroscopie X aux elements 
encore peu ou pas etudies, parmi lesquels se trouvent surtout 
des radioelements, presente evidemment un interet de principe. 
Mais elle pourrait paraitre ^ de peu d'importance eu egard au 
grand nombre d'elements deja bien etudies et aux regularites de 
modification des spectres avec le numero atomique. Cependant 
les previsions de frequences par interpolations et extrapolations 
baseea sur la loi de Moseley, ou par Tapplication de relations 
theoriques,ne suffiraientqu’aux precisions exigees pour certains 
objectifs, comme I'analyse elementaire; elles ne sauraient rem- 
placer I’examen direct des spectres sur lesquels doivent etre 
effectueespar exemple, outre les mesuresprecises de longueurs 
d'onde, les determinations de largeurs et de formes ou d'inten- 
sites. 

On saitque la spectroscopie X reste Tune des methodes les 
plus directes et pr6cises de I'indispensable determination des 
niveaux d'energie des atomes. On sait aussi que des informa¬ 
tions interessantes ont deja pu gtre deduites de determinations 
precises des frequences de doublets pour les termes correctifs 
aux expressions de Sommerfeldprovenant, en particulier, d'effets 
nucleaires. De telles etudes ndcessitentdes analyses spectrales 
rigoureuses pour chaque atome. 

Dans un autre ordre d'idges, la spectroscopie X de preci¬ 
sion, portant d'ailleurs sur des intensit4s d’emissions generale- 
ment faibles ou sur des variations petites de coefficients 
d'absorption, peut apporter des donnees tres directes sur les 
configurations electroniques et les niveaux d'energie des atomes 
libres ou lies et sur les proprigtes electroniques des solides. 

Des recoupements peuvent etre faits avec d'autres methodes 
relevant entre autres de I'optique, de la physique nucleaire ou 
de la physique du solide. Mais la precision et la diversite 
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croissantes de leurs moyens experimentatcx et theoriques ne 
semblent pas exclure les determinations plus classiques du 
domaine de la spectroscople X. 

Nous ne parlerons pas ici de I’identification ni de la dosi- 
mkrie d'elements plus ou moinsfortement actifs qui posent des 
problemes techniques speciaux; mais seulement de mesures 
relatives aux spectres peu ou pas connus d'elements actiEs et 
nous nous limiterons a quelques exemples. 

Afin d'etudier des elements actifs, des modes operatoires 
appropries sont necessaires soit pour proteger I'experimenta- 
teur, soit pour proteger le detecteur qui doit assurer I'enre- 
gistrement du spectre. Nous avons demontre depuis longtemps 
dans notre Laboratoire qu'il etait possible d'observer (dans de 
tres bonnes conditions par rapport aux elements inacttfs) les 
spectres d'elements fortement actifs en rayonnement a et 7 
comme le radium [l] ou en rayonnement a comme le polonium [2], 
L'observation est basee sur I'emploi de spectrographes a foca- 
lisation, done de grandeluminosite et de grand contraste, c 'est-a- 
dire de pouvoir de resolution aussi eleve que possible pour une 
dispersion convenablement choisie, permettant I'us^e de quan¬ 
tiles petites de radioelements. Pour les emissions, 1'excitation 
cathodique avail ete employe's dans des tubes a rayons X de¬ 
montables demodelesnormaux, Ainsi, les i^ectresLd'emission 
et d'absorption du radium avaient ete analyses completement a 
I'aide de la reflexion (1340) d'une lame de quartz avec quelques 
centiemes de milligrammes de chlorure. Qiiant a notre travail 
sur le spectre L du polonium, a I'exception d'un resume de ses 
premiers resultats [2], il ne fut publie' que dans ime revue peu 
accessible [3] Je crois done utile d'y revenir (*). 

L'analyse spectrale etait faite avec un spectrographe a 
cristal courbe utilisant en transmission les plans (100) et (201) 
du mica; la dispersion 4talt d'environ 12 uX par mm. Le polo¬ 
nium 210 extrait du radivim D etait depose eiectrochimiquement 
a I'etet metallique sur me mticathode en nickel, a partir d'une 
solution chlorhydrique^ apres les purifications habituelles. La 
surface du dep6t etait etooiteinent limiteeacelledufoyer du tube 
a rayons X. quantitedeposee correspondaitau plus a environ 
10000 ues soit a environ2, 5.10“* g. L'emissionLaj apparaissait 
deja avec 40 ues, soit environ 10~® g seulement. 

. Figures 1 et 2 ci-centre presentent des exemples 
d'emissions observees. Le tableau 1 rappelle les previsions 
d'apres [4], les resultats de nos mesures (1938-1940), ainsi que 
les valeurs actuellement previsibles a partir de nos tables de 
niveaux d'energie (1952-1955) [5]. 


cliches fut reprodult dans la Seme edition du livre de Jean 
PERRIN "les A.tomes" (1939). 
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Tableau 1 


Spectre d’Emission L du Polonium 


Emissions 

X uX^ 
calculee 
(1938) 

N.B. 

X uX ^ 
mesuree 
(1938-40) 

/R 

experimentale 

i//R^ 

calculee 

(1952) 


945,26 

945-,54 

963,76 

963,51 

^111^3 



1 004,46 

1 004,02 

Niiira 

762,49 

762,88 

1 194,51 

1 194,03 


919,76 

920,33 

990,15 

990,08 

NivVi 

785,52 


1 159,52 

1 159,45 

OiWe 

763,06 

voir N. B. 

— 

1 193,62 


1 123,10 

1 123,29 

811,25 

811,40 

Myaj 

1 111,59 

1 111,52 

819,84 

819,80 


964,90 

965,20 

944,12 

944,43 

Njv^is 

929,20 

929,29 

980,61 

980,77 

Nv/Sa 

927,31 

927,43 

982,57 

982,63 

satellite: ^^2 


922,42 

987,91 

— 


N. B, T] masquee I en dehors des spectres enregistres; la 

me sure dey^est genee par 73 . L’erreur experimentale affecte une 
ou deux decimales selon I'intensite. 


En 1957 parut une etude americaine effectuee avec 2 milli¬ 
grammes de polonium deposes sur une anticathode de cuivre en 
tube scelle [ 6 ]. Elle precisait la mesure de 4 raies: Ko^i, 02 , 
^ 1 , ^2 (mais non ^ 3 ), a Faide d’un spectrographe par transmis¬ 
sion etavait permis d^observer 10 raies L a Faide d^un. spectro- 
graphe de Bragg. Les mesures de ces dernieres sont basees 
sur des longueurs d’onde de r^ierence dont certaines valeurs, 
indiquees dans le memoire cite, different beaucoup de celles 
admises [4], II n^est done pas surprenant qu*un desaccord 
apparaisse avec les nombres du tableau 1 que nous croyons 
plus corrects. 

Les exigences actuelles de securite ne permettraient sans 
doute plus d’effectuer de telles manipillations dans un Labora.- 
toire ordinaire. 

Pour l^analyse spectrale X des transuraniens, nous avons 
mis au point des modes operatoires plus satisfaisants quanta la 
secunte. Nous nous sommes assures, de plus, la possibilite de 
contrdler la nature des echantillons etudiesaFaide d’analyses a 
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priori et a posteriori par diffraction X et diffraction 
el^ctronique. 

Les travaux qui vont itre resumes ici sont dus a un groupe 
de Chercheurs, Ingfenieurs et Collaborateurs Techniques du 
Laboratoire que je tiens a associer a cette publication et au 
premier rang desquels doivent etre cites: I. MANESCU, C. 
BONNELLE et L. de BERSUDER. 

La quantite de produit actif est toujours reduite au strict 
minimum compatible avec les caracteristiques du spectrographe. 
Les echantillons actifs sont emprisonnes sous des couches pro- 
tectrices inactives qui en evitent la dispersion et assurent que 
I'etat physicochimique reste inaltere, couches quasi transpa- 
rentes pour le rayonnement i I'etude. Si remission propre cor- 
pusculaireou ondulatoire de 1'echantillon actif restaitdangereuse 
ou genante, il faudrait s'en affranchir soit par des champs 
convenables, soit par reflexion prealable du rayonnement 
X sur un cristal auxiliaire ou un miroir adjoint au 
spectro'graphe. Les etudes spectroscopiques effectuees 
avec le plutonium n'ont pas exige de telles precautions. Par 
spectroscopic dans I'air, nous avons etudie successivement le 
spectre L d'absorption du plutonium a I'etat d'oxyde avec un 
ecran autonome de 10 mg de PUO 2 et le spectre L d'emission 
excite par fluorescence, en utilisant comme radiateur secondaire 
I'echantillon precedent [7,8,9]; puis le spectre L d'absorption du 
metal avec des ecrans autonomes [10] de purete controlee pre¬ 
pares par evaporation thermiquea I'aide d'une technique specia- 
lementelaboreepar L. de BERSUDER, toutd'abordpourl'uranium 
[11] et transposes au plutonium. Toutes nos etudes ont porte 
sur I'isotope 239. 

Les differents ecrans ontete prepares dans les Laboratoires 
specialises du Commissariat a I'Energie Atomique. Mais toutes 
les manipulations ulterieures ont ete effectuees dans nos Labo¬ 
ratoires. Des contrOles frdquents au scintillateur a et des pre- 
levements d'air ont permis de s'assurer qu'aucune fuite de 
plutonium ne se produisait pendant ces operations, echelonnees 
sur plusieurs mois de travail effectif au cours de plusieurs 
annees. L'enregistrementdes spectres a jusqu'a present ete fait 
exclusivement par photographie, a I'aide^ d'un spectrographe a 
focalisation par transmission, utilisant generalement des micas 
courbes cylindriquement sous 40 cm dediametre travaillantdans 
I'air, analogue a celui utilise pour le polonium et le radium (Fi¬ 
gure 3). Nous presentons ci-contre des exemples de spectres 
obtenus Figures 4, 5, 6, 7 et 8 et dans les tableaux 2 et 3 les 
resultats de nos mesures. 

Pendant que se poursuivait notre etude, un travail effectue 
dans des conditions analogues avec 200 milligrammes d'oxyde 
apportait la mesure de 8 raies d'emission [12]; les valeurs 
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8pectroffra$he & rayons X utilisant des lames cristallinea courses, 
par transmission. (Soli6ma dn principe de la construction). 



A; Projection horizon tale 

B—Eoran de Pb. D—Porte oristal amovible. 
G—Qraduation indiquant la position du 
spectrographe. H-Viseur & points pour 
les r^glages. I—Chassis photographique 
mobile. 



B: Coupe vertioale 

B~Pb. D—Porte oris¬ 
tal. E—lajne cristal- 
line. I—Chassis 
photographique 
mobile amoyible. 
Jr-Plaque photo. 
K—Table portant 
Pappareil. 


Figure 3, 

normallsaiion sont 
«n cerlata nomUre de raies 

a emission ont ete remesurees par J. du MOND et ses coUabo 

[13] [14]. II faut soS?- 

mais inV nfT PO'^ observer I’absorption L„j. 

comme peu sLisfats^tes. D^sle S[tai°?cotoMe 


*Les conventions adoptees par Du MOND nour v ■ . ' 

prendre pour la longueur d'onde de MoKa, 84 TS ^ 

conservons comm^aHovio ^ 'v/,o48 uX alors que nous 

servons commedans la reference [4], la valeur de Siegbahn707.831. 
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Onvoit que l accord est tres bon. La decroissance radio¬ 
active de 96 Cm conduisant par emission a a94Pu^^® entraine 
1 emission spontanee du rayonnement X caracteristique du 
plutonium. Cette emission a ete analysee en particidier a 
Berkeley [15] avec un spectrometre a cristal courbe. Les re- 
su a s, corriges pour certaines erreurs et ramenes aussi a 
notre normalisation, figurent colonne 1 tableau 3. 



329 


SPECTROSCOPIE X D'ELEMENTS RADIOACTIFS 



Figure 8. Spectre L cl*emission de Pu02. 
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Tableau 2 



Le tableau 4, colonnes 1 et 2,donne les valeurs des niveaux 
u plutonium calcules (en Vr et en eV*) k partir de nos valeurs 
pour a iscontinuite Ljjj du metal et da toutes nos mesures sur 
le spectre L. Dans les colonnes 3 et 4 sont indiques les calculs 
par extrapolation a r aide d'une methode de« 
['ll ot Carres, a partir des valeurs donn6es dans la r^f^rence 
[5] et de qnelques nouvelles valeurs experimentales. 

tres^*Hf/^S°^® resultats propres k des elements 

puisQue I'on danger pour I'expdrimentateur, 

pisque 1 on estime par exemple a peut-§tre 0. 1,10-® e la dose 

enc^ore. Mais^d^T polonium pour plus nocif 

methodes indinn^c aboratoire a mis au point ou utilise les 

la determinatinn h etudes portent actuellenaentaussi sur 

determnafaon de s coelflclente d'absortlon. Noas avons etaMi 





Tableau 3 

Spectre d*Emission L du Plutonium (X en uX). 
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Tableau 4 

Niveaux d'energie du Plutonium 



A partir de 
nos me sures 

Calcules a partir 
de ref. [5] 

v/R 

e V* 

L'/R 

eV 

K 



8 968,66 

121 750 

Li 

1 701,62 

23 099 

1 701,48 

23 098 

Lii 

1 639,6 8 

22 259 

1 639,76 

22 260 

Liii 

1 329,6 6 

18 050 

1 330,3s 

18 060 

Mj 

436,6 6 

5 928 

437,27 

5 936 

Mil 

408,5 6 

5 546 

408,8i 

5 550 

Mm 

336,0 7 

4 562 

336,36 

4 566 

Miv 

292,2 8 

3 968 

292,82 

3 975 

My 

278,03 

3 774 

278,59 

3 782 

Ni 

114,65 

1 556 

114,88 

1 559 

Nil 

101,55 

1 379 

102,03 

1 385 

Niii 

82,4s 

1 119 

82,88 

1 125 

Niv 

62,29 

^ 846 

62,98 

855 

Nv 

58,7 1 

797 

59,57 

809 

^ VI, VII 

30,9i 

420 

30,36 

412 

OI 

25,44 

345 

26,69 

362 

l-C 

M 

O 

20,78 

282 

20,8o 

282 

Olli 

15,64 

212 

15,98 

217 

®IV, V 

7,54 

102 

7,82 

106 


♦L'incertitude sur les determinations experimentales de longueurs d'onde 
entraine une erreur qui affecte le chiffre des eV pour les niveaux 
calculus. 


une methode photoraetrique qui fournit une suite continue de 
valeurs de ces coefficients en fonction de la longueur d’onde. 
Les valeurs obtenues pour I'uranium, par exemple pour les 
longueurs d'onde du doublet K a du molybdene, sont compatibles 
avec celles connues [16]. 

La spectroscopic des radioelements dans la region des 
rayons X mous presente des difficultes suppleraentaires par 
rapport a celle du domains accessible k Fair. Mais elle apporte 
des informations complementaires et parfois plus interessantes 
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par la meilleure resolution en energie, particulierement quant 
aux proprietes physiques et chimiques des solides. 

i.tp entreprise avec I’aide du Commissariat a 

1 Energie Atomique, nous nous sommes proposes, entre autres 
d etudier les spectres M destransuraniens. Nous avons,en fait* 
realise un montage comprenantun spectrographs a cristalcourbe 

utilise par reflexion sous atmosphere d'h6lium, qui permet 
1 ^alyse de longueurs d’onde comprises entre environ 1,8 1 et 
4,5 A. Ce montage (Figure 9) est done susceptible de fournir les 
spectres K des elements 17 Cl a 25 Mn, L de 59 Pr a 44 Ru, M 
de 96 Cm a 84 Po, inclusivement. 11 comporte une enceinte 
spectrographique sous helium, un chassis photographique attache 
a cette enceinte, mais place dans I'air, et un tube a rayons X 
sc^pompes, independant du spectrographe. Le tube estaisement 
mis en place avec une precision suffisante par rapport au spec- 
trogpphe,graceades guidagesmecaniques. Son foyer se trouve 
en general place a 105 mm du cristal dont le rayon de courbure 
est de 250 mm. Sortant de sa fenetre en beryllium de 40 p 
d epaisseur, le rayonnement franchit une tres petite lame d'air 
et entre dans I'enceinte spectrographique par une large fenetre 
obturee soit par du Mylar "alumine” de 6 p d'epaisseur, soit par 
du beryllium. 

la realisation d'une enceinte spectrographique close, 
etanche a Pair ambiant, maisbaignee d'heliuma une pression tres 
legerement inferieure a I'atmosphere exterieure, on evite toute 
contamination exterieure a partir d'eventuelles contaminations 



Figure 9. 

(1) tube a rayons X (4) cristal 

2 porte-echantillon (5) glissiere 

Tte a gants (6) chassis photographique 
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de son interieur. II est possible d'y introduire et maintenir 
des echantillons actifs autonomes autoprotfeg6s, comparables a 
ceux utilises pour la spectroscopic dans I'air, quoique dans leur 
ensemble beaucoup plus minces et fragiles, ce qui serait pratique- 
ment tres difficile si I’enceinte etmt videe. Les echantillons 
actifs destines a I'absorption ou a I'emission secondaire du 
rayonnement X caract6ristique peuvent etre introduits a 
I’interieur de I'enceinte spectrographique par I'intermediaire 
d'une petite boite a gants fixes sur Fun de ses cotes, baignee par 
lameme atmosphere d'helium. En fait,les echantiUons introduits 
n’ont jusqu'a present apporte aucune contamination decelable 
dans I’enceinte spectrographique. L’alt&ration chimique a ete 
totalement evitee par leur maintien sous helium, assure deja 
pendant toutes les manipulations grace k un petit sac de poly¬ 
thene. 

Trois porte-cristaux sont montes sur une glissiere de pre¬ 
cision; .dans chacun est courbee xmelamecristalline de nature et 
d'orientation choisies; un dispositif de commands exterieur 
perinet d'amener I'un ou I'autre en position de travail. 11 est 
ainsi possible d'analyser, dans des conditions variees, tout le 
large domaine de longueur d'ondeindique, sansouvrir I'enceinte. 

Du c6t6 du porte-film, I'enceinte spectrographique est 
obtur§e par une paroi en Mylar de 6 ju d'epaisseur, L'emulsion 
du^ film photographique se trouve amenee soigneusement en 
coincidence avec le cylindre de localisation de 125 mm, grace a 
une pike dont I'usinage et la raise en place ont du etre realises 
avec une grande precision,par rapport aux porte-cristaux. Les 
cristaux doivent avoir une grande perfection et une courbure 
rigoureuse. Toutes ces exigences sont absolument essentielles 
pour I'obtention de spectres a haute resolution, de contrasts 
optimum, raesurables avec precision. 

Grace k un obturateur, la raise en place du porte-film sur 
I’enceinte spectrographique a hfelium s’effectue facilement au 
jour; I'enceinte munie du porte-film est parfaitement etanche a 
la lumiere. 

^Le spectrographs peut tourner autour d'un axe passant par 
la generatrice mkiane des cristaux, le tube restantfixe, de telle 
sorts que Tangle de Bragg varie de 25 a 80°. Ce r^lage ne 
demands pas une haute precision. Le domaine d'angle accesible, 
la nature des cristaux et des systemes rklecteurs utilisables, 
ainsi que I'absorption du rayonnement par les milieux traverses 
(essentielleraentles fenetres) justifient la gamme des longueurs 
d'onde indiqu6es; environ 1,8 k 4,5 A. A I'interieur du 
spectrographs, des caches doivent limiter convenablement les 
faisceaux pour eviter tout rayonnement direct ou parasite dans 
la region du spectre; ils doivent etre commandes de Texterieur. 
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ABSORPTIONS ET DE U METAL 



'Le niontage a ete mis a Tepreuve dans notre Laboratoire 
pour une etude precise du spectre d’absorption M de Turanium. 
On a pu observer les 5 discontinuites d^absorption M du metal 
avecdes ecrans ”autonomes’» de purete controlee proteges de 
•roxydation (*). Figure 10 et 11. 

L^etude a confirms nos travaux anterieurs sur le spectre L 
completes par nos nouvelles observations—non publiees—sur des 
absorbants constituesd’empilements d*ecrans, analogues a ceux 
utilises pour le^ spectre M. Les maxima d’absorption voisins 
des discontinuites Lm et Lii(2p), Mm et Mu (3p) et les tres 
fortes absorptions My et Miy (3d) sont conformes k la presence 
d’etats d ef f au voisinage de la limits de Fermi dans ce metal. 

Le montage a ete transporte dans le Departement du Pluto¬ 
nium du Conimissariat a PEnergie Atomique, au voisinage de 
dispositifsd’evaporation sous videet de diffraction electronique, 
realises la par L. de BERSUDER pour la preparation et le con- 
trole des ecrans. (*) 

1 etude en cours sur les spectres M du plutonium (*) sont 
e^raits les documents presentes ici pour les absorptions My 
Miy^ et Mill du metal, Figures 12 et 13. 

Voici a titre d’exemples quelques indications sur les condi¬ 
tions d^experience: 


*a paraftre 
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ABSORPTIONS M DE U METAL 



E 


Figure 11, 


- My et Mjy: crista!analyseur de quartz,reflexion (1120), 
dispersion environ 15 uX/mm, soit 18 eV/mm sur le cliche 
photographique;quantitedeplutonium variable de 0.3 a 1 mg/cm ^ 
suivant les cas; rayonnement du tungstene excite a 7 kV; duree 
d'exposition sur film Kodak "Diffrax" de 1 a 4 h pour 15 mA. 

- Mill : quartz (0001) donnant 9 uX, soit 16 eV/mm; 1,5 a 
2 mg/cm^ de plutonium; duree d'exposition jusqu'a 20 h. 
Ref.: raies K de Cu, Ni, Co, Ti. 

Le role de I'epaisseur sur I'aspect du spectre est tres im¬ 
portant, surtout pour Mjy et My; on peut le comprendre en con- 
siderantlareponsede 1'emulsionphotographiqueet les variations 
rapides considerables du coefficient d'absorption auvoisinage de 
la discontinuite relativement au saut d'absorption correspondant. 
Les depouillements corrects en frequence comme en intensite, 
necessitent done une longue analyse photomkrique. 

Les premieres mesures ont donne les resultats du Tableau 
5 ci-contre que nous donnons sous toutes reserves. 

Cette etude de radioelements est en cours d'extension a 
I'americium. 

Pour terminer, rappelons que nos montages spectrographi- 
ques (Figures 3 et 14) nous ont permis d'obtenir des 1934 les 
premiers spectres d'emissions spontanees de radioelements [17]; 
ainsi la Figure 15montre les6missions L du RaC forme dans la 
decroissance du radon. 

Les recherches exposeesdans cetarticle ettoutparticuliere- 
ment celles relatives au plutonium, n'auraient pu se poursuivre 






SPECTROSCOPIE X D’ELEMENTS RADIOACTEFS 


339 


Tableau 5 

Spectre d'Absorption M du Plutonium Metallique 
Premieres determinations 



XuX 

v/R 

eV 

Mv 

3 278,2 

277,08 

3 773,6 

Miv 

3 117,8 

292,28 

3 967,7 

Mm 

2 710 

336,3 

4 565 




a 

Figure 14. 


sansl’aide quenous apportele Commissariat a I'Energie Atomi- 
que. J'adresse mes tresvifs remerciements a Monsieur le Haut 
Commissaire Francis PERRINj^ a Monsieur E. GRISON Chef du 
Departement du plutonium et a Messieurs P. REGNAUT et F. 
SEBILLEAU, pour toute leur contribution a ce programme 
d’etude. 
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Figure 15. 
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X-RAY EMISSION SPECTROGRAPHY AT 
LONG WAVELENGTHS 


P. D. Zemany 
General Electric Company 
Schenectady, New York, U.S.A. 


X-ray emission spectrography became one of the tools of 
analytical chemistry about ten years ago, that is in 1952, when 
the first commercially produced instruments became readily 
available. This paper will review the development of practical 
applications of this analytical tool in the long wavelength or light 
element field since that time from the viewpoint of an analytical 
chemist. Also it will try to point out the problems that will have 
to be solved to extend the method to still lighter elements and 
comment on the various approaches that have been made. 

It was found, by 1953, that the new tool was useful for the 
analysis of titanium, atomic number 22, with a K;, at 2.75 A, and 
all the heavier elements. The things that hindered the extension of 
the method to the determination of the elements lighter than tita¬ 
nium were e-ifcessive absorption in the x-ray path, a lack of suitable 
detectors and crystals, and insufficient excitation of the longer 
wavelengths. Now, 10 years later it has become practical to ana¬ 
lyze for sodium, atomic number 11, with a Ka line at 11.9 A. The 
hindrances to analyzing for still lighter elements are still the 
same, excessive absorption, lack of good detectors and crystals, 
and insufficient excitation of the long wavelengths. 

By extrapolation, one might hope that in 1972, when these 
problems are solved, and hydrogen yields to analysis, x-ray 
emission will be able to determine all the elements in a sample 
of material. 

The frontier is now at sodium. If some analytical chemists 
are pioneers in the region beyond, then the physicists are the 
Indians. They had worked out methods and instruments useful 
at the long wavelengths involved many years ago, but the methods 
they used are not yet practical for the analytical chemists, who 
require from an analytical procedure that it give reliable 
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information on composition in a relatively short time, at a price 
the customer is willing to pay. This last requirement is the one 
that really counts. 

X-ray emission spectrography is simple in principle. There 
are just two steps, other than obtaining a suitable sample. First, 
one measures the intensity of a characteristic line, and second, 
computes the amount of the element. The difficulties mentioned 
were instrumental difficulties that result in an unsatisfactory 
estimate of line intensity, but that is only half the story, because 
as the wavelength increases, the second step from line intensity 
to analytical result also becomes more difficult. 

This step involves determining the background correction, 
very complex absorption and enhancement effects, interfering 
lines, chemical effects and a few more things. Also there are 
problems of sampling, which includes the effects of heterogeneity 
and surface structure. 

Figure 1 shows the elements concerned. Titanium and 
heavier elements could be determined, or at least a useful signal 
obtained in 1952. The group from scandium to sodium has been 
added to the list of elements that can be analyzed in the inter¬ 
vening years. The heaviest element that could then be determined 
by its K spectrum was about barium, atomic number 56. The 
heavier elements were determined by use of the L spectrum. 
With only eleven elements added to the sesventy that could be 


H Light Elements 


He 

Li 

Be 

B 


c 

N 


1- 

— — — 

— — 

- — 

- — 

— _ 

He 

iNa 
-1 

Mg 

A1 


Si 

P 

A 

K 

Ca Sc 


Iti 


V 


O F 

S Cl 

Cr Mn 


etc. 


fll!.? demarcation separates the heavy elements (below) 

El'."' ~'''“Vl>“'-9-ophs Ham Te ligh? elT.- 

ments labovej. The elements above the dotted line have not vet been de¬ 
termined by conventional x-ray emission spectrographs ^ 


S^r5'°Sfwte?S;t!,'‘'°“';'' been added, 

Will be seer^n^ t?- 2, it 

much further extended and how 

M, or N soectr^nf tJo f ^^^ure are the L, 

very comE elements. These spectra are 

y omplex, and have been studiedfor only a very few elements. 
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USEFUL WAVELENGTH RANGE OF X-RAY EMISSION SPECTROGRAPHS 
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Figure 2. The upper half of the figure shows the wavelengths of lines 
of elements that can now be determined. The lower half (on a different 
wavelength scale), shows lines of elements beyond the capabilities of 
present day x-ray emission spectrographs. 


The steps that have been taken in going beyond titanium in¬ 
volve three different developments in instrumentation, a helium, 
hydrogen, or vacuum path, in place of air, crystals with a longer 
spacing, and new counters with thinner windows. The helium or 
vacuum path reduces the absorption in the x-ray path between 
tube and counter. The extent of the improvement is shown in 
Figure 3, which shows the expected performance of a spectro¬ 
graph filled with air, or with helium, or when evacuated with a 
mechanical pump, when air is the residual gas. The lower trace 
in the figure plots the absorption of the three atmospheres at the 
longer wavelengths, that is for the elements yet to be done. The 
absorptionby 100 microns of air pressure would not present any 
major difficulties for the analysis of boron. Even for lithium this 
is no problem, since it would be simple to provide faster pump¬ 
ing, and reduce the pressure to the point where there would be 
negligible absorption. 

There are two other absorbers to be considered: They are 
the windows on the x-ray tube and the counter tube. Various 
window materials are used on counter tubes but the most common 
are the metals beryllium and aluminum or an organic polymer 
film. Figure 4 shows calculated transmissions for these windows. 
Beyond 20 A there are few good measurements of absorption 
coefficients, so the estimates there are apt to be far from exact. 
The nitrocellulose curve shown is an experimental one, but the 
thickness was not reported. Beryllium can be rolled as thin as 
one mil, but such a window is either porous or expensive at 




344 


SPECTROSCOPY 

TRANSMISSION OF SPECTROGRAPH 25 CM PATH LENGTH 




transmission of various atmospheres in an x-ray emis- 
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TRANSMISSION OF COUNTER TUBE WINDOWS 




Figure 4. Transmission of various windows of practical thickness. Nitro¬ 
cellulose measured transmission, others calculated. 

vacuum spectrograph may be needed. The 100 microns residual 
gas in spectrographs evacuated with mechanical pumps is likely 
to be greatly enriched in argon. 

The calculations represented in Figures 3 and 4 demonstrate 
that absorption in the x-ray path, with equipment now available, 
should not limit the determination of the elements through car¬ 
bon, but might interfere with still lighter elements to some extent. 

No special detectors have been developed specifically for the 
long wavelengths. The proportional counters that have proved 
so useful were first used in the short wavelength region. The 
two characteristics that make proportional counters the present 
best choice for the long wavelength region are the fact that they 
are easily fitted with thin windows and that pulse height selection 
can be used with them to reject higher order radiation. 
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The second problem, that of crystals, has also been partly 
solved. In 1952 NaCl and LiF were the two crystals in use for 
reflection and mica for transmission. The reflecting crystals 
now in use, and some others are shown in Figure 5 along with 
their wavelength limits. 


CRYSTALS FOR DIFFRACTION 


11 
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Figure 5. Useful wavelength range for several crystals. 

Only the last 6 are of interest in the long wavelength region. 
Some 5 or 6 years ago EDT and a bit later ADP came into use 
and naade possible the determination of A1 and Mg. Gypsum is 

within the past year potassium acid 
phthalate (KAP) became available. KAP should be able to dif- 

crystal listed, lead stearate, is a soap 
which can be built up in layers by the Langmuir-Blodgett tech- 

H surface. With such a crystal, it has been 

reported that carbon K„ has been detected, but not hi a conven¬ 
tional spectrograph for analytical work. 

other similar materials prove 

soIvpH at iJ use, then the crystal problem will be 

solved at least through carbon, 

that ofinstrimental difficulty to be considered is 
P calprogress has been made. Improvements could be made 
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in the geometry of the spectrographs to give a larger effective 
aperture, but the basic difficulty is in the x-ray source. 

It is hardly a coincidence that the Machlett AEG series of 
tubes become available just a year before x-ray emission ap¬ 
paratus became available. The tungsten target version of this 
tube and others like it have long been the type most commonly 
used; however they have some shortcomings when used for the 
excitation of the lighter elements. 

Figure 6 shows the spectrum of this tube, as scattered by 
polystyrene, along with the spectrum of a chromium target tube 
of similar design. 



Figure 6. Interisity in cps on log scale of radiation scattered from lucite 
block with Machlett AEG50S tungsten target tube, 40 mil (nominal) Be 
window, and a similar tube with Cr target, 10 mil Be window. 

A brief calculation will be used to compare how effectively 
the tungsten target tube will excite the elements iron and silicon. 
The effective wavelength of the tungsten target tube is about 
1.48 A. At this wavelength, iron has an absorption coefficient 
near 300, while that for silicon is only 1/6 as much. On the other 
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hand, the critical thickness of silicon, for its own characteristic 
radiation is about 1/4 that of iron for its K lines, and since the 
exciting radiationis so much shorter in wavelength, this critical 
thickness is the one that has to be used. Combining these two 
factors,the silicon absorbs 1/24 as many quanta that will possibly 
emit as does iron. This factor must be multiplied by the ratio of 
fluorescence yields, which is about 1/4; so one might expect a 
factor of 96 or 100 in the relative count rates of iron and silicon. 
Actually a spectrograph that gives 500,000 cps for iron gives 
about 5000 cps for silicon. 

Next compare the efficiency of the tungsten and chromium 
target tubes for exciting silicon. At the chromium tube's effec¬ 
tive wavelength, silicon has an absorption coefficient about 5 
times greater than itdoes for radiation from the tungsten target 
tube, but the integrated intensity in counts per second of the Cr 
tube is only half that of the tungsten tube, which leaves a net gain 
of intensity of 2.5. The actual gain observed was a factor of 3. 

Table 1 shows a comparison of count rates from the two 
tubes, imder similar conditions, demonstrating the desirability 
of having the excitation wavelength close to the absorption edge. 
If one could use the same number of quanta of monochromatic 
radiation at the optimum wavelengths the intensity, in cps, from 
a light element such as oxygen would be less than that of aheavier 
element such as iron by about the ratio of their fluorescence 
yields. This is a factor of only 5 or 10. On an equal power input 
basis at optimum wavelengths, the oxygen K „ radiation count rate 
might be equal to or greater than the count rate for iron since 
several times as many quanta will be available. 

There is a second important difference in the construction 
of the two tubes that were compared in Figure 6. The beryllium 
window on the Cr tube is 10 mils thick; that on the tungsten tube 


Table 1 

Count Rates for Light Elements 
XRD-5 — Helium — G5q)sum Crystal 

Gas Flow Counter - 1/4 mil Mylar Window 


Element 

%m 

Sample 

a 

C.P.S. 

W Tube 

Cr Tube 

Si 

29.6 

7.13 

347 

1052 

A1 

100 

8.34 

— 

3201 

Mg 

19.2 

9.89 

15 

47 

Na 

39.3 

11.9 

6 

18 
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is 40 mils thick. At present 10 mils is about as thin a vacuum 
tight window as can be built in regular production, strong enough 
to withstand an atmosphere of air and ordinary handling which a 
sealed off tube must do, even if it is operated with a vacuum 
spectrometer. Of course tubes with thinner windows have been 
built on an experimental basis, but they are not readily available. 

While chromium and 10 mils of Be is a step in the right di¬ 
rection, it would be desirable to go further. 10 mils of Be absorbs 
half of the chromium radiation. The molybdenum L spectrum is 
another possibility for long wavelength excitation. It peaks about 
5.4 A. 10 mils of Be would absorb 90% of this radiation. Obvi¬ 
ously, a thinner window is required to make much progress in 
the direction of longer wavelength x-ray sources with sealed off 
tubes. As techniques for making windows improve, it is not un¬ 
reasonable to expect the development of a one half mil window that 
would transmit out to the region of 10 A. Used with an appropriate 
target, such a tube would be quite useful for the elements sodium 
to carbon, which are now exc^ .d with extremely low efficiency. 

Various targets have been suggested for a long wavelength 
x-ray source. These can be classified as K or L characteristic 
line, or white radiation emitters. Relatively few comparisons 
have as yet been made, but they do indicate that the band of white 
radiation from the best—that is the heaviest—target is not as 
intense as a characteristic line from a suitable source of line 
radiation. A tungsten target with a 10 mil Be window was made 
and compared to the chromium tube and the standard tungsten 
tube. The additional white radiation transmitted by this thin 
window made practically no difference in the excitation of the 
light elements showing that the intensity of the added long wave¬ 
length white radiation was quite low. The comparison that was 
made of tungsten L from the standard tube and chromium K 
radiation, even though not at the same wavelength, would seem to 
indicate that K radiation is more suitable than L;but as yet there 
is insufficient experience to prove what source will be best. 
There are many more possible sources of long wavelength L 
radiation, and generally, they can be operated at higher power 
than the K emitters. 

So far, I have avoided mentioning windowless x-ray tubes, 
direct electron excitation, windowless counters, gratings and high 
vacuum operation of the entire spectrometer. All these things 
have been done successfully but not routinely; also they involve 
drastic change and would be difficult to adopt as accessories on 
presently available equipment; they may be cumbersome to use, 
and they impose drastic restrictions on the sample. Back in 1952, 
when there was discussion of extending the useful range to ele¬ 
ments lighter than titanium, these modifications, already used 
successfully by the physicists were suggested but as things turned 
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out, the equipment and methods of practical analysis for the ele¬ 
ments Ti to Na were accomplished in the same way and on modi¬ 
fications of the same apparatus as that first developed. It may 
eventually prove necessary to use these drastic modifications to 
determine the lighter elements but until that point is reached, it 
is worth exploring the possibility of modification of existing 
equipment. 

The usual window on gas flow counter tube is 1/4 mil Mylar. 
A thin Formvarfilm was used to replace the Mylar on a gas flow 
counter tube. The counting rates for some samples are shown in 
Table 2. 


Table 2 


Count Rates for Light Elements — Cr Target Tube 
XRD-5 — Helium — SPG-4 Counter 


Element 

%m 

Sample 

A. , 1 

C.P.S. 

1/4 mil Mylar 

Formvar 

SiKa 

29.6 

7.13 

1052 

2,338' 


AlKa 

100 

8.34 

3201 

11,483 


MgKc^ 

19.2 

9.89 

47 

306 


NaKcc 

39.3 

11.9 

18 

290 

y Gypsum 

CuLcc 

100 

13.4 

— 

206 


NiL„ 

100 

14.6 

— 

57 J 


FeLa 

100 

17.6 

_ 

51 

1 

F K„ 

74 

18.0 

-- 

1 

40 J 

KAP 


Forty counts per second from fluorine in lithium fluoride is 
tordly enough as a basis for practical analysis, but at least 
uorme c^be detected. One could get a gain of a factor of about 

The instead of helium, 

but thP wl of analyses, 

made comparison of the data in Table 2 can be 

mits twice at! Formvar window trans¬ 
radiation aq radiation and 15 times more Na 

thick for use with wa 1/4 mil Mylar is too 

copper to iron the much beyond silicon. In the series 

This is due to severa/f a factor of 40 difference in intensities, 
by helium the smaller increased absorption 

tL'SS^’ltVeTfSSy^^^^^^^ Of iron, window absorp- 
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Some measxirements were made of the intensity of the CuL „ 
line at 13.4 A from copper, cuprous oxide and cupric oxide. The 
relative intensities were 100:59:21. If the K radiations of the 
same materials are compared, cupric oxide gives over 95% of 
the intensity of metallic copper. The reasonfor the large differ¬ 
ence in the long wavelength region is due chiefly to the absorp¬ 
tion by oxygen which has an absorption coefficient of 5400, almost 
4 times that of copper. When the copper was lightly oxidized, by 
passing a flame over the surface, the intensity of CuL(x dropped 
to 55% of the original. These experiments suggest two things. 
First, this may be the basis for an indirect method of determin¬ 
ing oxygen, and second, it may be possible to measure the thick¬ 
ness of oxide—or nitride films, by making use of the extremely 
high absorption coefficient of oxygen and nitrogen in this wave- 
lei^th region. In a series of experiments on silicones it was 
found that the intensity of silicon Ka at a given silicon concen¬ 
tration is a function of the ratio of carbon to oxygen, being lower 
for those materials that had a higher oxygen content, since oxygen 
has a higher absorption coefficient than carbon. Although direct 
determination of oxygen and carbon is still not possible, these 
examples suggest that there may be an indirect approach. 

Sodium, from sodium chloride, gave a count rate high enough 
to be useful. Figure 7 shows count rates observed for Na in 
mixtures of NaCl and KCl. This is an idealized situation and the 
results are better than one might expect in trying to determine 
sodium in a complex mineral. In this long wavelength region 
interelement effects are quite important and sometimes unusual. 
Absorption coefficients, fluorescence yields and other basic data 
needed for calculations are apt to be inaccurate, or not available 
at all; so empirical calibrations have to be used. 



Figure 7. Count rates observed for NaKa for mixtures of NaCI-KCl. 
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The various indirect analyses that have been suggested, that 
is copper oxide film, the carbon-oxygen ratio in silicones and so 
forth are not yet practical methods of analysis, and probably will 
not be until a great deal more is learned of the interelement ef¬ 
fect. But these examples do point out that in some cases it may 
be possible to put these effects to use, instead of being an added 
complication to the analysis. In the shorter wavelength region, 
the measurement of film thickness by determining the count rate 
of the substrate is an example of an indirect determination but 
these methods are quite likely to become more important in de¬ 
terminations involving the lighter elements. There are two rea¬ 
sons for this, first, the effects are much larger and second, the 
longer wavelength may be inaccessible. At present this indirect 
method is very speculative; its something to try if everything 
else fails. 

It also should be pointed out that beyond about 10 or 12 ^ 
absorption coefficients are generally in the thousands. In the 
short wavelength region, below titanium, most absorption coef¬ 
ficients have values in the tens or hundred. Also, in the long 
wavelength region, the light elements may have absorption coef¬ 
ficients that are higher than those for the heavy elements. At 15 
or 20 A the absorption coefficient of oxygen is comparable in 
magnitude to that of uranium. Even at a wavelength as short as 
6 A aluminum has an absorption coefficient that is greater than 
that for lead. The very high absorption coefficients that all ele¬ 
ments have in the long wavelength region results in extremely 
small values for the critical thicknesses. It may be as small as 
100 A. This fact will impose very severe requirements on the 
surface condition of samples for analysis, because in general, 
any irregularity of geometry or composition (roughness, absorbed 
surface layers, heterogeneity) will affect the measured intensity 
of fluorescent radiation when the dimensions of the irregularity 
exceeds a few percent of the critical thickness. 

At present reliable anal 3 ?tical results have been gotten on 
the light elements up to magnesium. These are now all routine 
determinations being paid for by a customer. To mention a few; 
silicon in iron in the hundredth percent range, silicon, aluminum 
and magnesium in cements, chlorine in polymers at concentra¬ 
tions near the parts per million range. 

There is no point in describing the details of these analysis 
ere, but it should be pointed out that they have several common 
features. First, sampling and the preparation of a suitable sur- 
ace are quite important. In the case of cements, the best results 
can only be obtained when a homogeneous glass is made of the 
sample by dilution in a suitable flux. Second the count rates are 
^ silicon in iron a few counts per secondare significant. 
Ten years ago a count rate that low could not be used. Learning 
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how to use the low count rates has been another step that has 
made these long wavelength analyses possible. Third, there are 
apt to be interfering lines. Those due to higher order reflections 
can be avoided by pulse height selection. 

Another complication that is barely detectable for elements 
heavier than sodium may well become the most significant above. 
It is the effect of chemical state. In the case of sulfur Kj, and 
manganese Kp there were observed slight shifts in wavelength, 
peak shape, and intensity with valence state. It probably occurs 
with other elements, but has not been troublesome in analyses 
except in the case of sulfur where one must choose compounds 
with sulfur in the same valence state for calibration as is the 
sulfur in the unknowns. Above sodium the chemical effects be¬ 
come quite significant and may possibly be more significant than 
any other. If this occurs the simple relationship between line 
intensity and composition, that is the basis for x-ray emission 
spectrography, will lose its importance, and direct determina¬ 
tions of the elements will not be the primary object of the analy¬ 
sis. Instead, other information, equally important maybe deduced 
from the shape and wavelei^th of the band. If this occurs the 
resolution of spectrographs will have to be high, which is not the 
case at present. Now, the wavelength of an emission line is only 
an index point to identify the element, and the intensity is the 
important measurement. Resolution needs to be sufficient to 
separate lines of adjacent elements, and there is little advantage, 
in having it any higher. However, if resolution should become 
important, because of the increased significance of the chemical 
state of samples, new instrumentation may be required to give 
that resolution. Also, although it appears that modification of 
present equipment for x-ray emission may get to carbon Ka>that 
is 40-50 A, it may not get much further without drastic changes. 

One cannot predict what new instrumentation will prove 
successful for the analytical chemists. The fact that the photo¬ 
graphic recording, vacuum spectrographs with gratings have not 
been adopted for general analytical use may be sufficient proof 
that they are not suited for this application. 

Various things have been proposed to extend the wavelei^h 
range to extremely long wavelengths. Three functions will be 
considered, excitation, separation of wavelengths, and detection. 

First, there is required some way to cause the sample to 
emit x-rays. Up to now, x-rays from a sealed off tube have been 
in use to bombard the sample, but the difficulties of that approach 
have already been described. There are several alternatives. 
One is to use a windowless x-ray tube and high vacuum in the 
spectrograph. Some light element-perhaps Mg or A1 would be 
the tube target. This seems straightforward enough, but rela¬ 
tively little is known about the intensity of the long wavelength 
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X-rays that can be obtained, compared to those at shorter wave- 
lengttis. Theoretical predictions are rather unfavorable, but some 
recent measurements onthe light elements give count rates sev¬ 
eral times greater than the prediction, another possibility is 
direct excitation of the sample by electron bombardment. This 
will increase the intensity considerably, a factor of 100 due to 
the improved geometry of the system, another factor of 10, due 
to fluorescence yield, and another factor of unknown magnitude 
due to the critical thickness of the sample. However most sam¬ 
ples cannot be bombarded with as much power input as can be 
used with a properly designed x-ray tube target. Direct excita¬ 
tion will bring with it the problem of surface contamination or 
change, particularly with regard to the elements of greatest 
interest, carbon and oxygen. Unless an extremely high vacuum 
can be maintained, carbon from the residual gases in the system 
will be deposited in layers thick enough to effect any attempt to 
measure the light elements like C, N or O and lighter. Also in 
high vacuum, oxides or nitrides might be altered in their surface 
layers. It remains to be seen how serious this problem will be. 
The relatively high intensities for elements like magnesium or 
aluminum observed in the electron beam microprobe indicate 
that ^ere will probably be adequate excitation of x-rays produced 
by direct electron bombardment. The microprobe experience 
also shows that a high background of white radiation is to be ex¬ 
pected. These complications may, to a large extent, offset the 
gain in intensity. 

So much for the difficulties and uncertainties of sample 
excitation. The next problem is that of separating the various 
spectral lines. This might be done by energy selection in the 
detector, that is pulse height selection, by diffraction from a 
crystal or from a grating at grazing incidence. Another possi¬ 
bility is the use of selective filters. The K absorption jump of 
the lighter elements, like carbon, is quite high, so, a carbon film 
would attenuate oxygen or nitrogen characteristic radiation and 
transmit the carbon line far more effectively than the filters that 
have sometimes been used at shorter wavelengths. Diffraction 
from a crystal, such as a heavy metal soap would, if practical, 
result in a simpler optical system than the use of a grating; how¬ 
ever, these long wavelength crystals will have to be developed 
and tested further. Diffraction from a grating requires greater 
mechanical precision in the optics than is needed with a crystal 
but this is not a limiting factor. 

The possibility of energy resolution in the detector leads to 
the next component, that is detectors. This possibility is par¬ 
ticularly attractive, because it has a potentially higher efficiency, 
by 2 or 3 orders of magnitude, than does diffraction from a 
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crystal, which is especially desirable when few quanta are pro¬ 
duced, and there is abonusinthat the conaplicatedoptics required 
for diffraction are eliminated. Of course, if high resolution is 
required as has been suggested, then only diffraction will give 
adequate resolution. 

The detector that has had the most use is this long wave- 
lei^th region is the photographic plate. It is particularly good 
for wavelength measurements and band shapes, but is not well 
suited for reliable intensity measurements or for producing rapid 
results. Nor is it very well adapted for use as a practical energy 
discriminator, despite the use of nuclear emulsions for that pur¬ 
pose in the high energy range. 

The next detector to consider is the scintillation counter. 
In the long wavelength region sodium salicylate has been used 
as the energy converter in preference to activated sodium iodide. 
In this wavelength region the noise from the multiplier is quite 
high and pulse counting canbedone only in the presence of a very 
high background count rate. The energy resolution falls, off 
rapidly with increase in wavelength, and while the phosphor- 
photomultiplier combination may be useful as a rate meter, or 
simply as a current amplifier, it is difficult to operate as a 
counter in the conventional manner. It is not likely that it will 
be able to discriminate between elements directly. Another way 
the photomultiplier could be used is to dispense with the "photo" 
part and use it as a secondary electron multiplier. The simplest 
arrangement is to remove the glass envelope with the photoelec¬ 
tron emitter, and to seal the dynode structure into the spectrom¬ 
eter. Now x-rays will produce secondary electrons on strikii^ 
the first dynode which can be multiplied to give a useful pulse by 
the rest of the dynodes. This arrangement eliminates the photo 
emitter, which is the source of most of the noise in the conven¬ 
tional system. However, since usually only one secondary elec¬ 
tron is produced by the x-ray quantum, energy resolution is not 
feasible. Recently there became available a more efficient mul¬ 
tiplier using magnetic focusing of the secondary electrons along 
a high resistance or semiconductor plate. It is said to be useful 
in this region of the spectrum and may have some features that 
make it superior to the usual type. 

Proportional or Geiger countershave been used in this region, 
but they require some sort of window if the rest of the spectrom¬ 
eter is at high vacuum. The difficulties associated with a thin 
window were mentioned earlier. With the proportional counter 
pulse height selection is possible, however a carbon quantum 
will produce about 9 ion pairs, with a spread, under very best 
conditions, corresponding to a standard deviation of 4 or 5. Ni¬ 
trogen will give 13 ion pairs anda spread of 6, so resolution of ad¬ 
jacent elements is only partial. Filtersmight be quite useful here. 
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Overtypes of detectors still in the stage of arguments over 
feasibility, are the film semiconductor or other solid state devices. 
One attractive characteristic of these solid state devices is that 
it requires something like 3 volts or less to produce an electron, 
as compared to 30 for an ion pair in a proportional counter. A 
carbon Ka quantum would produce 90 conduction band electrons. 
It this large number could be utilized as effectively as they are 
in the proportional counter resolution of adjacent elements could 
be readily accomplished. Unfortunately, this detector is hardly 
past the idea stage as yet at least for long wavelengths. One 
difficulty that will be encountered with any of the direct viewing 
systems is the spurious counts that may be obtained due to sec¬ 
ondary emission caused by ion or electron bombardment of the 
dynodes. This can be avoided by electrostatic or magnetic de¬ 
flection of the charged particles, or by pulse height selection. 

I have tried to indicate that the extension of x-ray emission 
to the lighter elements requires some means of getting a useful 
signal from these light elements. It appears that the require¬ 
ment here can be met by a long wavelength x-ray tube, or elec¬ 
tronic excitation. A second requirement before analysis in this 
region can be done is to be able to interpret the measurements. 
The data that are obtained have to be related to the composition 
of the sample to give a useful result. This may prove more dif¬ 
ficult than getting the necessary signals. There is a very serious 
lack of basic data such as a listing of all the x-ray lines, absorb- 
tion coefficients, fluorescence yields and so forth in the long 
wavelength region. 

In the regionbeyond about 20 A new phenomena become sig¬ 
nificant, these are phenomena associated with the valence or con¬ 
duction electrons and molecular structure. As yet they have not 
been exploited very much either by those interested in long wave- 
lengthx-rays, or by those working in the same wavelength region, 
but approaching it from the ultraviolet. This may prove to be a 
very fruitful field and lead to much new knowledge about the 
properties of matter. 



SCANNING TECHNIQUES IN ELECTRON PROBE MICROANALYSIS, 
WITH SOME APPLICATIONS IN MINERALOGY 
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Editors' Note : Dr. Cosslett was invited to present this paper at the Xth 
Colloquium Spectroscopicum Internationale; however, last-minute cir¬ 
cumstances prevented his attendance. Even though the paper was not 
actually presented at the Colloquium, it is included in these Proceedings 
because of its general interest and because it complements related 
papers which are also included. 


INTRODUCTION 

The X-ray microspectrometer of Castaing [1], now known as 
the electron probe microanalyser, was designed for point by point 
analysis. The electron spot was focused to a given point on the 
lens axis and the sample was mechanically shifted to bring dif¬ 
ferent parts of its surface to this point. A great deal of quantita¬ 
tive analysis has been done with this system, especially in metal¬ 
lurgy, as described by Philibert elsewhere in this Conference [2]. 
However, the procedure is slow and not readily adaptable for 
survey work or semi-quantitative operation. There are many 
problems in which less than the highest degree of analytical pre¬ 
cision is adequate and speed of answer is important. For this 
reason, and also to avoid the inconvenience of building a high- 
powered optical viewing system into a strong electron lens, we 
decided in 1953 to investigate the practicability of combining 
television technique with microspectrometry. By building deflec¬ 
tion coils into the final magnetic electron lens (which we pre¬ 
ferred to the electrostatic system of Castaing), we were able to 
scan the sample surface continuously and buildup an image of it 
on a cathode-ray tube screen either from the back-scattered 
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electrons or from the characteristic X-ray emission of any 
selected element [3]. This scanning microanalyser has proved 
to be extraordinarily successful in a wide range of analytical 
problems, from qualitative to high precision operation. Some of 
the metallurgical applications have been described in a recent 
Symposium of the Institute of Metals in London [4] and some 
biological and medical applications in a Symposium of the New 
York Academy of Sciences [5]. The present survey, therefore, 
will be confined to a few typical examples, particularly from 
mineralogy and biology; Dr. Philibert will have more to say about 
the metallurgical uses. 


It is aswellat the outset to dispel some current misconcep¬ 
tions about the respective roles of the scanning and static probe 
instruments. It is sometimes suggested that the one is mainly 
for survey and the other for high precision work. There is nothing 
inherent in the design of either to limit it to one role or the other. 


Rather they should be seen as emphasising different, but com¬ 
plementary, features which should be (and now are being) brought 
together in a single all-purpose instrument. The flying spot of 
the scanning microanalyser can be brought to a stop over any 
desired point of the sample so that it becomes a static-probe 
system, or, more usefully, a line scan can be generated. A fully- 
focusing spectrometer is then needed for highest precision, in 
place of the semi-focusing type which is adequate for full-field 
scaiming operation. Vice versa, the static probe model can easily 
be fitted with a scanning system and arrangements made to de¬ 
focus its high precision spectrometer, when a problem calls for 
lower accuracy and quicker results. Experience seems to be 
coirfirming our original view that what most users want is a ver¬ 
satile instrument, since microanalytical problems vary greatly 
m nature, effect, the scanning version comprehends and 
upersedes the static probe model. If any proof were required 
It IS to be found in the general trend now to convert static probe 
fcaiuiing systems, and for the scanning in- 
truments m turn to borrow the best features of the static type. 


DESIGN AND OPERATING FEATURES 

shov^^nSf^ principles of the scanning microanalyser are 

electron probe is formed 
Sa^nedlcrosc^ttr^T'^^^^ “ electron lenses and is 
or^omttimef^th raster by deflection coils, 

oftSl^pIriTeXr^^^^^ The impact 

back-scattering of electroL sSn! o ^ ^ ^ emission and 

the beam is bL-scSer^d ^10^4^ ^PP^®«^able fraction of 
bcauereo UO/o-50%, increasing with atomic 
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Figure 1. Schematic diagram of scanning electron probe microanalyser. 

number), and the efficiency of X-ray production is low (at most 
10~ , and increasing with atomic number and voltage), the elec¬ 
tron signal is always very much stronger than the X-ray signal. 
The former is collected with a scintillation counter and the latter 
with a proportional counter, a crystal spectrometer being inter¬ 
posed for wavelength selection. The signals are amplified and 
fed to display tubes scanning in synchronism with the probe scan, 
so that images are formed in which brightness varies with local 
intensity of electron scattering or X-ray emission respectively. 
The electron image is determined by differences in both atomic 
number and surface slope over the sample. Since the area scanned 
may be as much as 0.5 x 0.5 mm., the electron image allows the 
operator to recognize features of the specimen seen in the optical 
microscope, which can now be separated from the electron lens 
system (as shown), the sample being rotated or translated from 
the one position to the other. It is desirable to retain an optical 
microscope on the microanalyser, since the process of analysis 
is usually complementary to other techniques of examination. 

The X-ray image may be formed by the total emission, by 
the selection of a particular K- or L-linewith the spectrometer, 
or by selecting a broader band of wavelengths with the propor¬ 
tional counter and pulse-height analyser. Owing to the weakness 
of the signal, a long-persistence tube is used and a slow speed 
of scan, such as 1 frame of 300 lines in 2 sec. A camera is pro¬ 
vided for photographing the image, and exposure time may vary 
from 2 to 20 min. depending on the image quality. As seen by 
the eye it is usually very grainy, but the photograph integrates 
the statistical fluctuations; exposure time will depend on the 
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amount of "noise" that can be tolerated. If a true storage tube, 
of infinite persistence, is available it can take the place of the 
camera [6]; alternatively, a Polaroid-Land camera is a useful 
aid, especially when the X-ray signal is so weak that the eye has 
difficulty in appreciating element distribution in the displayed 
image. 

In forming the image, the magnification is under direct con¬ 
trol, being the ratio of the widths of scan on the display tube and 
on the actual sample respectively. Normally the former is kept 
constant and the latter varied, but both may be reduced together 
to allow examination of a particular area with less statistical 
graininess in the image. The contrast is also variable by elec¬ 
tronic controls, according to the degree of contrast in the sample. 
This control is more conveniently exercised when the X-ray 
image is formed not as shown in Figure 1, but by means of the 
integrated output from the ratemeter. It is then possible to sup¬ 
press background noise and show only those parts of the sample 
which contain more than a set amount of a particular element. 
This system has recently been put to use by Melford [7] in met¬ 
allurgical analysis, and an example is shown in Figure 5. 

The X-ray image, when formed from a selected wavelength, 
shows the distribution over the sample of any element present. 
For many purposes-, such as impurity identification, this knowl¬ 
edge is sufficient. If an accurate analysis is desired at a par¬ 
ticular point, the scan is stopped and the probe positioned over 
that point in the sample by reference to the after-glow image. 
The spectrometer is then run through the appropriate wavelength 
range whilst the X-ray signal is routed through the ratemeter to 
a pen-recorder. Alternatively, the variation in concentration of 
a single element along a line can be plotted by forming a line 
sc^ with the deflection system and keeping the spectrometer at 
a fixed angle. In this case it is necessary for the line scan to be 
at right angles to the X-ray path from sample to spectrometer, 
to ensure uniform accuracy of analysis, and so the sample holder 
should be provided with a rotation as well as two normal trans¬ 
lations. 


From the analytical, as distinct from the electron-optical, 
T,f spectrometer is the key point of the whole instrument, 

deadly one needs a semi-focusing type for rapid survey and semi- 
qu^titative operation, and a fully-focusing type, with high re- 
f? lower collection efficiency, when 

y precision is demanded. In our original scanning 
Duncumb and Melford [8] and in the 
onlv a semi-focusing spectrometer 

fallv-fripna- + (^igure 2). The essential difference from the 

couSir mows rnn Crystal is fixed and the 

und it, instead of both moving round the Rowland 
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circle. There is a gain in simplicity and compactness, important 
in a vacuum system, and also in collection efficiency. The re¬ 
solving power is about 10' in Bragg angle, which is adequate for 
very many problems, giving a peak to background ratio of 250 to 
1 and a detection limit of 0.01% in favourable cases. A specially 
curved crystal can be inserted when a higher resolution is de¬ 
manded, but clearly an all-purpose instrument ought to have both 
a fully-focusing spectrometer and a semi-focusing spectrometer 
built in. 



Figure 2. Cross-section of final electron lens and X-ray spectrometer 
of the scanning electron probe microanalyser [80. 


In the scanning instrument it is usual to provide 3 or 4 
crystals, interchangeable under vacuum, to cover the X-ray 
spectrum from 10° to 60° Bragg angle. In this way elements in 
the periodic table from magnesium to uranium can be analysed, 
by their K-lines up to molybdenum and for higher elements by 
the L-lines. The K-lines of the elements below magnesium are 
of such long wavelength that special methods are needed for their 
detection, either with a ruled grating or by a proportional coun¬ 
ter and pulse analyser system, as described below. With the 
latter system, Dolby [9] has now been able to analyse for carbon 
and beryllium at moderate accuracy. 

The electron optical problems of the microanalyser need not 
be discussed here. They have been investigated in some detail 
by Duncumb [10] and by Wittry [11]. There is no difficulty in the 
way of making probes as small as 100 A; the practical limitation 
is on the current that can be focused into them. At present the 
minimum useful working spot size is about 0.3-0.5 /j.; smaller 
spots generate insufficient X-rays to give a visible scanning 
image or to allow analysis, except with unacceptably long count- 
ingtimes. The volume analysed can thus be as small as 10 "^^cc. 
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the ultimate detection limit being about 10 visual 

resolution attainable is shown in Figure 3. Duncumb and others 
are experimenting with probes of 0.1 M.and less in the hope of 
improving practical resolution. Improvements in astigmatism 
correction, in electron gun output and in X-ray collection effi¬ 
ciency are all desirable. The spreading of the probe in the 
sample, by electron scattering, is also a limitation, and in con¬ 
sequence the beam voltage has to be reduced in parallel with 
probe diameter. It may prove that a better spatial resolving 
power will only be useful on extraction replicas or on thin sec¬ 
tions of a sample. In this direction it is interesting to explore 
the possibilities of combining microanalysis with electron 
microscopy in a single instrument. 

of the scanning microanalyser has been discussed 
by I^ncumb and Melford [8] and Duncumb [12]. A photograph of 
Microscan instrument is shown in Figure 4; the 
AEI microanalyser [13] has now also been fitted with a scanning 
system, as have several other American and Japanese models. 
Wider surveys of microanalyser principles and applications have 
been published by Castaing [14] and Cosslett [15]. 


metallurgical applications 

It is in metallur^ that the microanalyser has found its most 
immediate and extensive applicability. There is a growing litera- 
ture both on particular applications [7,16,17,18] and on the cor¬ 
rections necessary for high analytical accuracy [19,20]. This 
part of the subject is dealt with by Philibert [2] and others in this 
omerence, but it may be of interest to mention here some of 

the types of problem in which the scanning facility is of special 
value • 

The identification of inclusions, known to be present from 
op ical metallography, is a constantly recurring problem. They 
non-metallic and it is usually enough to show that 
fill silicate or oxide (for example) is present and, if pos- 
SoK.; Pi'oPortion of the metallic constituents. 

Melford [7] has given an example of how it was possible with the 

two types of globular silicate in- 
^°“l“iioiisly cast steel. The images formed from 
me relevant K-lines served to prove that whilst both were man- 
^ precipitate of silica, one of them contained 

XSihnt/fn'' IT- promises to 

cnftfnlnlc * solution Of the problem of steel cleanliness by 
out scanning microanalyser could, with- 

couS^fanf adapted for automatic inclusion 

sn^naSH/J, stage beyond the optical flying 

spot particle sizers already available. 
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Figure 3. Scanningmicroanalysermicrographsofanaluminium—6%tinalloy, 
(a) and (d) electron images; (b) and (e) X-ray Images formed from Al-Ko! 
radiation; (c) and (f) X-ray images formed from Sn - L radiation. Magnifi¬ 
cation of (a), (b) and (c), x 80; of (d), (e) and (f)y x 3,500. (P. Duncumb, 
X-ray Microscopy and X-ray Microanalysis (Elsevier, Amsterdam), p. 365, 
Figure 3). 


f) Sn L 

I 5 ^ I 
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Figure 4. The "Microscan" electron probe microanalyser; high voltage and 
electron lens supplies at the right of the instrument, display tubes, counting 
racks and pen-recorder at the left. (Courtesy of Cambridge Instrument 
Co, Ltd.). 


The siliconX-ray image of these precipitate particles seemed 
to show variations in brightness over a single particle, indicating 
that it might be complex. Some confirmation of this was obtained 
byreducingthe operating voltage from 29 kV to 9 kV,thus reduc¬ 
ing bott the absorption effect and the background of "white" X- 
rays; it was then clear that the intensity of silicon radiation was 
greater from parts of the periphery than from the centre. To 
improve this type of detection sensitivity, Melford then devised 
an electronic means of "expanding" the X-ray image contrast so 

characteristic emission more readily 
visible. The output of the ratemeterwas used to form the image 
instead of that from the pulse analyser, i.e., an integrated signal 
in place of a tram of pulses. A slow speed of scan (1 line in 20 
1 ^ constant is essential for improving 

^appropriate setting of the brightness 
tube, only those parts of the sample giving 
^ threshold count-rate are imaged. The same 
SSSSit ^PPjich to the image formed by back-scattered 
imaapr^Lt both the silicon K-line and electron 

silica-rich particulate inclusions within 
the precipitate itself, and these were inferred to be silica. 
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The scanning facility also lends itself to investigation of 
suspected grain-boundary enrichment and depletion, where a 
relatively wide field of the sample must be examined. Melford[7] 
gives also an example of this type, in which the distribution of 
residual copper and nickel in a mild steel was studied. The im¬ 
provement in visibility afforded by using the ratemeter output is 
demonstrated in Figure 5, where the expanded contrast images 
are compared with the normal X-ray images. A further exten¬ 
sion of thistechnique,utilisingbothratemeter and pulse analyser, 
would allow iso-concentration contours of an element in the 
sample to be plotted directly. 

This type of application can be extended to a variety of prob¬ 
lems in which the proportion of an element varies over the sur¬ 
face of the sample, including diffusion gradients. Distribution in 
depth, within the range of the fastest electrons available, can also 
be studied by observing the variation in X-ray signal from a given 
element as the electron beam voltage is reduced down to the 
excitation value. The stratification of surface layers is open to 
investigation by this technique; Wood and Melford[21] studied the 
change in iron and chromium content through a 2000 A thick film 
of oxide on an iron-14.6% chromium alloy. Due regard must be 
paid in all such work to the important corrections for absorption 
loss and fluorescent contribution. 

Existing microanalysers can deal satisfactorily with ele¬ 
ments from uranium down to magnesium, as illustrated in Fig¬ 
ure 6. The analysis of the lighter elements is of great importance 
and a practicable solution is in sight. Although the scanning 
technique is not essential to it, speed of working is now limited 
to such a degree that a point by point survey could hardly be 
contemplated. The reason is that both the output of character¬ 
istic X-rays and the efficiency of their detection fall rapidly with 
atomic number. Physically this is connected with the long wave¬ 
length of the K-lines (44A for carbon): even if a crystal of large 
enough spacing were available for selecting it, the gathering 
power of a spectrometer is much too small. A ruled grating 
might in principle be designed with large gathering power, but 
we have put our faith in an electronic system of wavelength dis¬ 
crimination [22]. It uses a proportional counter as detector, 
placed close to the sample to collect enough X-rays, and an elec¬ 
trical network (essentially a simple computer) to unscramble the 
composite signal received when the sample contains several 
elements which are close neighbours in the periodic table. With 
this apparatus Dolby [23] has been able to make a semi-quantita¬ 
tive analysis of an oxidised beryllium specimen (Figure 7). So 
far it is operating at comparatively low magnification and an 
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Figure 5. Enrichment In residual elements at grain boundaries near the sur¬ 
face of a mild-steel specimen Quenched from 870°C. Scanning micro¬ 
analyser Images obtained with and without "expanded contrast" as given by 
rotemeter output, (a) Electron, magnification x 530; (b) NiKa (normal), 
(cj GuKo! (normal), (d) NIKo! (ratemeter), (e) CuKa (ratemeter), magnifica¬ 
tions X 320. (D, A. Melford, J. Inst. Metals, 90, 217, 1961-62, Figure 4.) 

analytical accuracy of a few per cent. The accuracy can be ap¬ 
preciably improved by leaving the probe on a selected point long 
enough to collect the necessary number of counts for statistical 
significance. The value of the scanning facility lies in selecting 
the points for analysis from the displayed image. The most 
important and the most difficult problem is to obtain high accu¬ 
racy in the analysis of carbon, where deposition of contamination 
on the sample during analysis confuses the result. If this can be 
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Figure 6. Scanning microanalyser micrographs of a magnesium—37% thorium 
alloy., obtained by the "expanded contrast" method. Magnification x 300. 
(P. Duncumb, unpublished.) 

satisfactorily solved, the microanalyser should be applicable in 
many aspects of ferrous metallurgy. 


MINERALOGICAL APPLICATIONS 

There is a similarly wide range of problems for the micro¬ 
analyser in mineralogy and petrology, as pointed out by Agrell 
and Long[24]. The requirements in instrument design are rather 
different from those in metallurgical applications, if only because 
the mineralogist is used to preparing his samples as transparent 
sections mounted for light optical observation. Agrell and Long 
discuss these special needs and describe the microanalyser built 
by Long [25] to meet them. It provides for examination of the 
sample in polarised light whilst it is in the electron beam (Fig¬ 
ure 8). There is enough visible emission from most minerals 
for the region analysed to be directly seen. 
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Figure 7. Oxidised beryllium sample,imaged In the scanning microanalyser 
with back-scattered electrons and with the X-ray KO! lines of beryllium, 
carbon and oxygen. The two spots in the centre of the field are lithium 
hydroxide (left) and graphite (right), used as oxygen and carbon standards 
respectively. Magnification x 16. (R. M. Dolby, unpublished.) 


The types of mineralogical specimens particularly suited 
for investigationwith the microanalyser are listed byAgrell and 
Long. In addition to those mentioned above under metallurgical 
applications, they include the examination of composition zoning 
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Figure 8. Schematic, cross-section of scanning microanalyser for mineralogi- 
cal applications. (J. V. P. Long, unpublished.) 

and of scarce minerals available in very small amount. Opaque 
minerals can also be investigated, where the normal mineralogi- 
cal techniques fail. Agrell and Long detail three investigations 
they had made: the determination of phases in exsolution inter¬ 
growths in an invertedpigeonite,the analysis of a complex meta- 
snmatised lithomarge containing spinels, and the variation of 
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Figure 9. Scanning images and composition traces showing partial decom¬ 
position of a garnet into cordierite and feldspar; note enrichment of man¬ 
ganese at outside edges and at crack. Magnification x 700. (G. A. 

Chinner and J. V. P. Long, to be published.) 


nickel content in the kamacite and taenite phases of meteorites. 
The last-named problem has also been tackled by other workers 
with the aid of the static probe microanalyser [26]. 

As a further illustration, Figure 9 shows the distribution of 
iron and manganese in a garnet. The evidence from the micro¬ 
analyser served to confirm a hypothesis that the garnet had 
undergone a local reaction with biotite in the rock, giving a mix¬ 
ture of cordierite and feldspar [27], More recently Long has 
turned his attention to determining the H jO content of hydrated 
minerals by following in the microanalyser the change in the 
proportion of metallic element under the heating effect of the 
electron beam. Figure 10 shows the result of some test e 3 q)eri- 
m^nts with gypsum. The dehydration process is started by 
suddenly reducing the area of scan on the sample, thus raising 
toe local temperature. Chemical decomposition can be followed 
in the same way, toe evolution of carbon dioxide from a carbonate, 
for instance. 



Figure 11. Half-tone reproduction of colour picture of luminescence pro¬ 
duced in a z6ned calcite mineral by electron irradiation; no zoning is seen 
in transmitted polarised light. (J. V. P. Long, unpublished.) 
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DEHYDRATION OF GYPSUM 




Area of scan reduced. 


TIME (MINUTES) 


Figure 10. Dehydration of gypsum, as followed by change in proportion of 
calcium during irradiation by electron beam; intensity was increased at 
point indicated by reducing area of scan. (J. V. P. Long, unpublished.) 













Calcium 


Figure 12. Electron and X-rayKo!-line images ofa section through a paint¬ 
ing of "The Holy Family" by Titian, in the National Gallery, London, re¬ 
vealing over-painting. Magnification x 140. (V. R. Switsur and Miss J. 
Piasters, unpublished.) 
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In mineralogical samples the visible emission excited by the 
electron beam provides a source of additional information. As 
sho'wn by Figure 11, which in the original is coloured deep red in 
shades of varying intensity, details of zoning are immediately 
apparent. Very different visible images are given by minerals 
differing very little in chemical composition, and it is known that 
trace elements have a great effect on the wavelengths emitted. 
We are currently investigating the possibilities offered for micro- 
analysis by these effects, with a special type of scanning system. 


ARCHAEOLOGICAL APPLICATIONS 

An obvious extension of the metallurgical and mineralogical 
uses of the microanalyser is to the evaluation of objects of archae¬ 
ological interest. One of the first samples we examined was a 
piece of whet-stone from an ancient site, the question being 
whether it had been used to sharpenbronze or iron tools. In this 
case no positive evidence was obtained, metallic elements not 
being found except for small traces of titanium. Since then we 
have examined-a variety of samples of ancient and medieval 
origin. Problems arise of even later date, for instance as to the 
overpainting of a masterpiece in oils or the date of a ceiling in 
an historical building, deducible from the type of plaster used. 
A section from a painting by Titian in the National Gallery, 
London, is shown in Figure 12. The iron content derives from 
the varnish and the arsenic from the orpiment used in green 
paint; the substrate gesso is mainly gypsum. It is evident that 
the original was overpainted at some later date. 

A scanning microanalyser, largely based on the AEI model, 
has now been built by Dr. E. T. Hall at the Laboratory for Art 
and Archaeology at Oxford University for this t 3 q)e of applica¬ 
tion [28]. It has already been used for plotting the variation in 
silver content through a coin, in connection with studies of the 
debasement of coinage in Roman times. 


BIOLOGICAL AND MEDICAL APPLICATIONS 

The scope of the microanalyser in biology and medicine is 
less obvious than in the areas discussed above. We are cur¬ 
rently engaged in exploring the possibilities, with the aid of a 
grant from the Medical Research Council of London. A prelimi¬ 
nary survey was presented to the New York Academy of Sciences 
recently [5] and therefore only an outline will be given here. A 



374 


SPECTROSCOPY 


number of other authors have also published prel i mina ry results, 
some at the International Conference on Spectroscopy [29,30]. 

The most straight-forward application is the identification 
of foreign bodies, usually metallic in nature, in tissues. Our 
initial interest in the electron probe microanalyser was stimulated 
in part by a request from a pneumokoniosis laboratory to dis¬ 
tinguish silicafrom other particles in a lung section, which elec¬ 
tron microscopy failed to do. In collaboration with specialist 
laboratories, we have examined tissues from patients ande 3 q)er- 
imental animals afflicted with a number of industrial diseases. 
Figure 13 illustrates the identification of tin in a case of stanno- 
sis [31]. The investigation can be taken further back, to the ex¬ 
amination of air-borne dusts from industrial areas. Figure 14 
shows how a particle was identified as brass in one such study. 
Dusts from other sources can also be usefully examined. We 
have looked at particles from dust storms in Nigeria, in the hope 
of tracing their origin, and from high in the atmosphere, pros¬ 
pectively connected with nuclear explosions. 

A further set of problems is concerned with metallic objects 
deliberately introduced into the body, such as a stainless steel 
implant in a hip or knee joint. In the course of time corrosion 
occurs and it becomes important to trace the diffusion of the 
products. We have looked at such samples from the National 
Orthopaedic Hospital, London, and the distribution of iron, nickel 
and chromium in a particular case was reproduced in the article 
quoted [5]. 

A wide range of applications arises in regard to hard tissues, 
where the distribution of calcium and occasionally of other ele¬ 
ments is in question. Microradiography has been used to some 
extent in these investigations, but the microanalyser gives results 
very much more readily, especially when a semi-quantitative 
answer is adequate, as is often the case. The variation of calcium 
content with age, with nutrition and with site in a single type of 
animal is a whole research programme in itself. Figure 1£. 
shows the very different degree of mineralisation which is found 
in chick bone of differing origin. Similar problems arise in teeth, 
where the onset of disease offers a fruitful study. In conjunction 
with the London Hospital Dental Department we are examining a 
variety of human teeth of normal and pathological ts^pe. We have 
also shown the cause of the red colouration of the teeth of rats 
and some other animals to be due to an iron content which can 
be as high as 7% in the front layer of the enamel [32]. Figure 16 
shows the images obtained from a section of a squirrel’s tooth. 

In these examples the inorganic content in the tissue is high 
enough to be readily measured. A different set of problems 
arises in connection with the metallic elements normally present 
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Figure 13. Detection of tin in section of miner's lung. Magnification 
X 350. (A. J. Robertson and V. R. Switsur, unpublished.) 


in.certain tissues of the body. They rarely occur in a concentra¬ 
tion approaching 1% and more usually in parts per ten thousand 
or less, as trace elements. With its present detection sensitivity 
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Figure 16. Micrographs of section of squirrel tooth (incisor), showing iron- 
rich layer at surface of enamel. Magnification x 280. (A. Boyde, V. R. 
Switsur and R. W. Feamhead, unpublished.) 

or other means of adding to the deposits. Obviously close con¬ 
trol is necessary,perhaps by electron microscopy, to make sure 
that the added material does in fact come down at the natural 
sites. A particular instance of this type of application is the 
identification of the products of reactions used to detect the sites 
of specific enzyme activity in cells, e. g., phosphatase. The ad¬ 
vantages of using the microanalyser for this purpose, instead of 
microradiography, have been demonstrated by Hale [35]. If the 
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X-ray emission method can be proved to be quantitatively reli¬ 
able, a wide field of use for the microanalyser will be opened up 
in c^ochemistry. 

It should be emphasised that even more care is needed with 
biological samples, in converting microanalyser coimts into 
quantitative proportions, than in metallurgical applications. In 
addition to the usual corrections, account must betaken of possi¬ 
ble variations in density and so in electron penetration. Bpyde 
and Switsur have discussed some of the pitfalls in biological 
microanalysis [36]. In addition the beam may partly decompose 
the specimen or chemically change it. It seems desirable to 
analyse simultaneously for all the elements of interest, which 
would demand an instrument with two or three independent re¬ 
cording channels. The design of a microanalyser for biological 
applications has been discussed by Switsur and Boyde also [37]. 

The ultimate problem before us is that of organic micro¬ 
analysis. Will it be possible, with acceptable accuracy,to deter¬ 
mine the carbon, nitrogen and oxygen content in different parts 
of a tissue section? As mentioned above, the analysis of these 
elementsjs now practicable in inorganic samples, with relatively 
crude accuracy. With biological material we have to face the 
possible effect of the beam on the specimen as well as the 
deposition of carbonaceous contamination. At the moment it 
seems unlikely that these problems will be quickly solved to the 
extent needed to give the C3rtochemist the detailed information he 
is seeking. However, there may be a better prospect of obtain¬ 
ing more limited data, such as the sulphur content or the nitrogen- 
phosphorus ratio in different parts of a sample or from the same 
region of comparable specimens. 

CONCLUSION 

The electron probe microanalyser is not much more than 
ten years old, the scanning version only five, and commercial 
models have just recently become available. It is early days to 
attempt an assessment of the range of usefulness of this new 
technique. But the general field of applicability follows from the 
physical principles involved; whilst it cannot approach the detec¬ 
tion sensitivity of somfe other methods of microanalysis, it gives 
a higher degree of localisation than any other. Its primary ad¬ 
vantage being thus dependent on knowing what part of the sample 
is analysed, the scanning system is likely to become an essential 
part of the instrument because it gives a visible image. Many 
uses canbe foreseen in metallurgical and mineralogical research, 
and at least some routine applications in practical metallurgy. 
The biological and medical applications are less easy to define. 
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partly because quantitative microscopy is a new idea in these 
areas and partly because of formidable ejqperimental difficulties 
due to the nature of the sample. It may well be that the historical 
development of electron probe microanalysis will reverse that of 
electron microscopy, in which the biological applications for many 
years far outran the metallurgical. 
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QUANTITATIVE ELECTRON MICROPROBE ANALYSIS 
OF RADIOACTIVE AND IRRADIATED MATERIALS 


JS. Theisen and J. P. Lecoq 
Euratom 
Ispra, Italy 


It is necessary to evaluate the analytical possibilities of an 
electron microprobe in the presence of samples containing alpha 
or gamma emitters. 

MICROANALYSIS OF ALPHA EMITTING SAMPLES 

^antitative microanalysis of alpha emitters equipped with 
fully focalized spectrometers may raise the following diffi¬ 
culties, if the method described recently by D. Scott and G. 
Ranzetta [4] is used. (Formvar coating of samples and standards.) 

a. Under the impact of the electrons, the Formvar layer 
becomes electrically charged. This deformation of the electric 
field brings about a deviation in the electron beam. The shift in 
the point of impact of the electrons in relation to the analyzer 
crystal and the X-ray detector varies as a function of the accel¬ 
erating voltage of the electron beam and of the thickness of the 
protective layer. This defocalization can cause a drop in the 
X-ray intensity of over 10% and is variable between different 
points of the sample. 

b. Since Formvar is a heat insulator, the heat evacuation 
may prove to be inadequate. Puncturing of the film must be 
avoided to prevent contamination of the apparatus. The crater 
thus formed could cause a new deformation of the electric field. 

c. Unequal electron absorption in the Formvar film of un¬ 
equal thickness. In order to reduce these effects, which could 
partially explain the unexpected results described by Scott, we 
suggest an alternative solution. 

The sample and the controls are simultaneously encased in 
a conducting mount (Struers Mounting Resin 11). They can then 
be handled without risk, polished in the glove-box, lightly etched 
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by means of ionic bombardment and then immediately metallized 
by vacuum evaporation in order to avoid all surface oxidation 
and subsequent contamination of the apparatus. The encased 
sample together with the controls (standard 1 inch metallographic 
moimt) can be easily inserted in the special specimen holder 
described below (Figure 1). 



Figure 1 


POSSIBILITIES FOR QUANTITATIVE ANALYSIS 
OF IRRADIATED SAMPLES 

General Remarks 


For the preliminary tests on gamma emitters, we used a 
irradiated for 24 hours at a thermal flux 
ot 1U13 n/cm3 sec. in the Avogadro I reactor. The analyses 
ToTh ®^''^^®i°'itwith the aid of a Castaing [6] microprobe manu¬ 
factured by the Cameca Company. The spectrometer for heavy 
Iro elements IS supplied with a quartz crystal working 

^ Geiger-Miiller counter, 
ims spectrometer involves the following drawbacks with regard 
to the an^ysis of irradiated uranium and its alloys. 

^ line Lai of uranium, the point of impact of the 
radioactive samples, the insertion window of 
As a resultthe Geiger-Miiller counter are aligned, 
^the analvver characteristic radiation reflected 

radiation emitted by S Samma 
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b. The Geiger-Muller counter is unable to discriminate 
sufficiently between energy spectra. 

Since the Geiger-Muller counter provides a considerable 
continuous background due to radioactivity, more conclusive 
tests were carried out with the Cameca gas circulation propor¬ 
tional counter and the Philips 18511 sealed proportional counter. 

The new specimen-holding device (Fig. 1) contains a 
wide slot in which the sample, the standards, the metallographic 
and the lead mounting are inserted by means of remote-control 
handling equipment. 

The whole mount is then placed against the upper plates by 
means of an elastic strip. The surface of the samples and the 
standards are therefore within the focal plane. At the front of 
the specimen-holder there, is a radiobiological screen designed 
to protect the operator from surface radiation. An increase in 
the permitted activity may be obtained by incorporating an addi¬ 
tional lens in the ocular tube of the metallographic microscope. 
The length of the ocular tube is therefore increased by 30 cm 
and the eye of the observer is located at a distance of 50 cm. At 
the same time, the magnification of the microscope is stepped 
up from 350 x to about 450 X (Figure 2). 



Experimental Results 

A lead collimater approximately 2 cm thick, partially cov¬ 
ered the X-ray exit window. The results are given in Tables 1 
and 2. 

DISCUSSION 

It therefore seems possible to carry_out anab^'ses using a 
short interreticular distance crystal (1340 or 1120 quartz or 
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Table 1 


Quartz used: 

1340 2d = 2.35 A 

Bragg angle for ULa^: 

22° 45' 

Probe intensity: 

1.2 X 10-« A 

Ray intensity on ULa^: 

200 c/s 

Background due to radioactivity and counter: 

6 c/s 

Increase in background without lead shielding: 

30% 

Cameca proportional counter (gas circulation) 


Table 2 


Quartz used: 

1011 2d = 6.686 A 

Angle of cut: 

s'" 

Bragg angle: 

UL : 7° 49' 

Probe intensity: 

1.2 X 10‘* A 

X-Ray intensity on ULa^: 

11206 c/s 

Background due to radioactivity and counter: 

312 c/s 

Philips 18511 proportional counter (sealed) 


LIF), a proportional counter followed by a preamplifier and a 
linear amplifier with pulse height selector, and judiciously placed 
lead screens. 

Several modifications have been developed in order to 
step up the peak to background ratio. 

The use of an orientable quartz press can effectively 
counteract grinding imperfections and the aging of the crystal 
and facilitate the adjustment of the spectrometer [7], The pre¬ 
amplifier, which consists of a cathodyne-mounted triode, is to 
be replaced by a more satisfactory system providing a higher 
gain (10 X). 

The background, due to radioactivity, can be decreased 
even more by adding to the exit window of the spectrometer a 
channel through which only the X-rays pass in the direction cor¬ 
responding to the line being analyzed. The angle of aperture of 
this channel can be easily determined with the aid of the diagram 
of the modified spectrometer (Figure 3). 
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Figure 3 


PROTECTION 

In addition to purely technical questions connected with the 
correct functioning of the Castaii^ microanalyzer in the pres¬ 
ence of an intense source of gamma radiation, there is also the 
problem of the radiobiological protection of the operator . On 
the basis of a number of simple hypotheses, we have endeavoured 
to calculate the maximum weight of irradiated uranium which 
can be safely examined in the normal microanalyzer or with the 
aid of an additional protection device. 

Basic Hypothesis 

1. The sample is assumed to be irradiated to saturation, 
i.e., that the duration of irradiation is equal to at least five 
times the half-life of gamma-emitter fission products or their 
parents or daughters, that is, in the case of uranium, about 
three months. 

2. The tolerance dose permitted for the operator is 0.1 
rem/week, Euratom protection standard [8]. 

If the Microanalizer is Used Without Auxiliary Protection 

The natural protection of the apparatus is reduced to about 
3 cm of brass, or the equivalent of 1 cm of lead for 1 MeV 
radiation. 
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For natural uranium irradiated to saturation at 1 W/g, the 
following table gives us the weight of natural uranium which can 
be examined as a function of the coolir^ time of the sample: 

Cooling time in days 0 2 5 10 20 50 90 

Weight in mg. of natural U 
irradiated to saturation 

at 1 W/g 0.5 2 2.7 3.2 4.7 8.3 13.5 


Microanalyzer with Auxiliary Protection 

The use of the special specimen holder (Figure 1) — addi¬ 
tional protection equivalent to 2 cm of lead—permits a gain of 
a factor four for the allowed mass of uranium. 

In event of use being made also of the elongated ocular tube 
(Figure 3), the permissible weights will be multiplied further 
by 2.8. 

Without aid of any complex device, we can examine samples 
which are ten times larger than those in the standard apparatus 
and forty times larger, if we confine ourselves to 10 hours of 
controlled work per week. 

Cooling time in days 0 2 5 10 20 50 90 

Weight in mg of natural 
uranium irradiated to 

saturation at 1 W/g 22 90 124 145 213 370 580 


CONCLUSION 

The problem of the analysis of alpha-emitting samples can 
be solved by a relatively simple method, even with an apparatus 
equipped with fully focalized spectrometers. It is sufficient to 
encase the sample and the standards simultaneously in a con- 
ductir^ mount, with the fugitive activity stopped by a metal film 
deposited by vacuum evaporation. 

The analysis of irradiated samples, which is a more delicate 
matter, requires slight modification of the commercial instru¬ 
ment, involving in particular the use of a proportional counter 
equipped with a pulse height selector, the use of a special spec¬ 
imen holder and judiciously placed lead screens, an orientable 
crystal^ress and short interreticular distance analyzing crys¬ 
tals (1340 or 1120 quartz or LIF). 
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HIGH PRECISION MICROPROBE ANALYSIS BY 
THIN METALLIC FILM CALIBRATION 


R. Theisen and J. Lemaitre 
EURATOM, CCR 
Ispra, Italy 


INTRODUCTION 

With the increasing availability of electron microprobes, 
the theory of quantitive microanalysis has been the object of 
new investigations. 

Starting from the calculations published by.R. Castaing in 
his thesis [1^ it has been attempted to establish experimental and 
theoretical correction formulae for local microprobe analysis. 

The effects of diffuse penetration of electrons and mass 
absorption of X-rays in the anticathodes [2-7], the effects of 
fluorescence excited by characteristic radiations [8-10] and of 
enhancement by the continuous spectrum [11] have been evaluated. 

Measured X-ray intensities and calculated values of binary 
alloys are in reasonable agreement except: 

a. At low concentration, 

b. for great atomic mass difference of components com¬ 
bined with secondary fluorescence emission, 

c. for analysis of inclusions (direct emission and fluo¬ 
rescence enhancement of matrix). 

For high precision analysis of these alloys (no limitation 
in number of components) in the absence of calibration stand- 
a.rds homogeneous on a l//i scale, the use of thin films, 0.01 to 
0.1/ju, obtained by ultramicrotomy permit high resolution anal¬ 
ysis with negligible absorption and fluorescence corrections. 

THEORY 

Suppose, an electron beam of intensity Iq impinges per¬ 
pendicularly on a metallic film of thickness z cm. The intensity 
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of the characteristic radiation 1^ collected from a constant area 
at an emergent direction 9 will be [ 6]: 

Mt z 

It = K— I„ f e-'^P^ g-<^/p)csc0 (1) 

z=o 


where 


K = constant depending on the voltage ratio V/V^ , 
Mj/At = number of atoms T per unit volume, 
a = K /V^ (V being the accelerating voltage), 
p = SM. = density, 

= mass of element T per volume unit, 

= atomic weight of element T, 


M /p = mass absorption for characteristic radiation 
in analysed alloy. 

A considerable simplification is obtained when z and a be¬ 
come so small that the exponential term approaches unity. The 
physical significance of this simplification is that absorption 
effects are negligible. 

By using sufficiently thin samples (0.01 p) and a highly ac- 
celerated electron beam (35 KV and more if possible), it is 
possible to assume a direct proportionality between the charac¬ 
teristic X-ray emission and the masses per unit area of the 
analysed elements. 

Ia 


ratio of X-ray intensities emitted respectively in 

mifpIPnfiniT’ experimental conditions by the 

pure element A and the analysed alloy. Similarly 


(2") 
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Considering 


p — SMj, — + Mg -I- , 

Ma Ma 

BMi Ma + Mg + Me + .. 


( 3 ) 

( 4 ) 


Mg 

_ 

SMi 


(4’) 


Using equation (4) the chemical composition of a sample is 
obtained by the determination of the superficial masses of all 
the elements being present in the sample. 


EXPERIMENTAL PROCEDURE 

The thin films 0.01 p thick (samples and pure elements) 
should be of identical thickness, condition which can be most 
easily fulfilled by the automatic advance of an ultramicrotome 
after Fernandez Moran [12], followed by an interferometric 
thickness control of the films. 

Films of about 2500 p 2 were collected on standard electron 
microscope grids and inserted into a special probe holder 
(Figure 1). 



Figure 1. Special sample holder for 
French Microanalyser. 
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The highest available accelerating voltage (35 KV) of a 
CAMECA Microanalyser was used in order to avoid a notable 
deceleration of electrons in the anticathodes, to diminish the 
absorption effect of superficial oxide or contamination layers, 
as well as to increase the peak-to-background ratio of the ana¬ 
lysed radiation. 


APPLICATIONS 

Quantitive microanalysis of small inclusion is a very dtffi- 
cvdt task because it is impossible to predict the direct emission 
andfluorescent contribution of the matrix. The thin film technique 
resolves this problem as it is possible to localize the inclusion 
on both surfaces of the thin sample. This method permitted the 
identification of 3 phases of an iron rich inclusion of SAP (sin¬ 
tered aluminum powder) (Figure 2), Several applications are 
listed in Table 1. 



Figure 2. Iron rich inclusion in SAP 980. Electron image X700. 

In microanalysis of infinitely thick samples, the diffuse 
penetration of electrons limits the resolution power of the 
method to about O.Sji [13]. 

A considerable improvement of the volume resolution can 
be obtained by the thin film technique, as this limitation is no 
longer valid. 

For additional information the use of the special sample 
holder transforms the French Microanalyser into a projection 
X-ray microscope with a typical Cosslet-Nixon [14] X-ray 
microfocus (Figure 3). 
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Figure 3. Projection Microradiography. 


Table 1 

Results of Chemical Analyses and Microanalyses 


Alloy 

Chemical Analyses 

Microanalyses 

Ac 

c 

A1 W% 

Theoretical Concentration 

Experimental 

UAI3 

25.37 

25.12 

-0.99% 


5.0 

4.99 

-0.02% 


59.1 



SAP Inclusion 
FeO X AI 2 O 3 

31.0 

31.58 

+ 1 . 88 % 
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In U-Ni-Al nuclear fuel elements, treated at 450°C, the 
formation of a ternary diffusion layer of approximate composi¬ 
tion U NiyAlia has been identified by microprobe analysis [15]. 

At heat treatments above 650°C this layer decomposes into 
two different phases. The composition of these phases were 
determined by microprobe analysis. 


U Niy A1 i 3 U Ni AI 4 + 3 Nij AI 3 . 

A film 1 /j. thick of Cu was chosen as X-ray source. The 
selective absorption of Cu radiation by a 15 /i thick sample pro¬ 
duces the X-ray micrograph shown in Figure 4. 

Furthermore, the special sample holder may be used for 
studies on electron transmission and backscattering by thin films 
as well as for electron diffraction purposes. 

CONCLUSIONS 


J^^Sh resolution and precision microanalysis may be achieved 
by the proposed use of the thin film technique. 




HIGH PRECISION MICROPROBE ANALYSIS 


397 


General use of this method is limited by the delicate and 
time consuming preparation of samples and standards. 

Application includes microanalysis of small inclusions and 
setting up of calibration curves for complex alloys. Further¬ 
more, projection X-ray metallography combined with electron 
probe microanalysis may lead to valuable information in physi¬ 
cal metallurgy. 
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SPECTROSCOPIC STUDIES WITH THE 
RUBY OPTICAL MASER 


B. P. Stoicheff 
Division of Pure Physics 
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Ottawa, Canada 


INTRODUCTION 

A radically new light soxirce—the optical maser—has re¬ 
cently become available for spectroscopic studies. The emission 
from such a light source is characterized by its high intensity of 
coherent and extremely monochromatic light in a narrow beam. 
Some of these properties are obviously highly desirable in special 
fields of spectroscopic research and it seems worthwhile to in¬ 
vestigate the potentialities of masers in such studies. 

It is the purpose of this paper to review briefly the present 
achievements in the development of maser sources and in partic¬ 
ular to describe the pertinent optical characteristics of the ruby 
maser and to discuss its possible use in spectroscopy along with 
some preliminary results that have already been obtained. 

SURVEY OF AVAILABLE MASERS 

The feasibility of producing light sources which radiate by 
stimulated emission in the infrared and optical regions was dis¬ 
cussed by Schawlow and Townes [l] in 1958. The first successful 
demonstration of an optical maser was made by Maiman [2] in 
1960. He used a ruby crystal (0.05% Cr3+ in AI 2 O 3 ) excited by 
a xenon flash lamp and obtained a pulse of maser emission at 
6940 A lasting for about 0.5 millisec. A continuously operating 
maser making use of a gaseous discharge of He + Ne was de¬ 
veloped by Javan, Bennett and Herriott [3] in 1961. Since then, 
many other solid state masers have been operated with pulsed 
emission, and masers of ruby, Nd^+ in CaW 04 , U^ in CaFj 
and Dy 2 + in CaF 2 have been successfully operated with continuous 
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emission. Recently several new gas masers using CSjArfOa and 
Ne+02 have been operated continuously. A list of the available 
maser materials and the approximate wavelengths of their emis¬ 
sion is given in Table 1. Already maser emission has been ob¬ 
served at about 30 different wavelengths in the region of 7000 A 
11000 A and 2.5p. 

Of course, the gas masers approach the theoretical expecta¬ 
tions more closely than do the solid state masers, but even so 
all of these sources exhibit most remarkable properties. Some 


Table 1 


Presently Available Optical Masers^ 


Source Material 

Wavelength of Emission 

Ne - He 

11,180, ll,530,h 11,600 


11,990, 12,070 A 

Cs 

7.18^1 

Ne-Oj, Ar-0 

8446 1 

0.05% Cr3+ inAl203 

6943 A 

0.5%Cr»^■ inAljOa 

7009, 6943, 7041 A 

U®+ in CaFj 

2.613 ji 

in BaFj 

2.556 fi 

in SrFj 

2.407 (1 

Sm2+ inCaFj 

7082 A 

Nd3+ in CaW 04 , SrMo 04 , 

10,580, 10,650 A 

CaMo 04 , PbMo 04 


Nd^ in CaF 2 

10,460 A 

Nd ^ in barium 

10,600 A 

crown-base glass 


Pr 3+ in CaW 04 

10,470 

Ho 3+ in CaW 04 

2.046, 2.059 p 

Tm^ in CaW 04 

1.911 IX 

Tm2+ in CaFj 

11,600, 11,890 A 

Dy ^ in CaFj 

2.36 IX 

Er3+ in CaW 04 

1.612 IX 


i>^cludes noasers reported in publications up to July 1, 
^Wavelength of the most intense emission in the He-Ne maser. 
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typical observations of their emission characteristics may be of 
interest. In the He-Ne maser with emission at l.lSp,, the fre¬ 
quency width [4] is better than 2 cps (at 2.6 x cps), although 
due to thermal and mechanical instabilities the frequency drift 
is of the order of 2 parts in lO^ for periods of about 100 sec. In 
the ruby maser, frequency widths as narrow as 2 to 10 Mc/sec 
(that is about lO"'* cm'^ ) have been measured [5,6], but as shown 
below, during one complete pulse thermal effects lead to a line 
width of the order of 0.01 to 0.2 cm‘^ , depending on the tempera¬ 
ture, power output and quality of the ruby. The Nd 3+-glass 
maser [7] has a width of approximately 1 cm-i at threshold and 
about 100 cm-i at high power levels. The power output of the 
continuously emitting gas and crystal masers is in the range of 
1 to 300 milliwatts. On the other hand the power output of the 
pulsed masers such as ruby and Nd3+ -glass is of the order of 
kilowatts; they emit radiation in the energy range of 0.1 to 1 
joule in a millisecond or less and energies as high as 50 to 100 
joules have already been obtained. "Giant pulses" of short dura¬ 
tion (-lO'® sec) and extremely high intensity (~10 megawatt) have 
been produced with the ruby maser by suddenly changii^ the 
regenerative power of the resonant cavity [8] (by varyii^ the ef¬ 
fective reflectivity of the end faces of the ruby rod). 

At the present time, the pulsed ruby maser (~0.05% Cr®+) 
appears to be one of the more promising of the available masers 
as a spectroscopic source. As already mentioned its emission 
is in the region of 6940 A and is the shortest wavelength yet 
attained with masers. Photographic emulsions and photodetec¬ 
tors are still fairly sensitive to this radiation (although their 
sensitivity is higher at even shorter wavelengths). The reported 
line width of the ruby emission is relatively narrow in compari¬ 
son with ordinary sources. High energy emission (~1 to 10 joules) 
is readily achieved. Moreover, the emission occurs in a highly 
directional beam confined to an angle less than 30 minutes. In 
addition, the radiation is linearly polarized or nonpolarized de¬ 
pending on whether the optic axis of the crystal is perpendicular 
or parallel, respectively, to the ruby rod axis. Finally, high 
quality ruby crystals are readily available and complete units 
including flash lamps and power supplies are now produced 
commercially. 

The many favourable qualities of the ruby maser prompted 
the present investigation to assess the usefulness of this extraor¬ 
dinary light source for spectroscopic studies. For this purpose 
it was desirable to begin with a detailed study of the waveler^h 
and line width characteristics of the emission. 
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RUBY MASER APPARATUS 

A schematic diagram of one of the ruby masers used in this 
investigation is shown in Figure 1. The ruby used was of 0.05% 
Cr^ concentration and was cut in a square rod 6.0 cm long with 
sides of 0.4 cm. The ends were polished flat to 1/5 of a fringe 
and parallel to better than 10 sec: both ends were silvered, the 
front end having a transmission of about 5 per cent. The ruby 
was held in a glass tube to facilitate cooling (by streaming cold 
N 2 vapor) and to maintain the ruby at a predetermined tempera¬ 
ture before each firing of the flash lamp. Temperature control 
to about 0.01 degree was easily obtained over the range 20° C to 
-120°C by evaporating liquid N 2 at a constant rate by means of a 
heater immersed in the liquid N 2 . The flowrate of the N 2 vapor, 
and therefore the temperature of the ruby was varied by changing 
tte voltage applied to the heater terminals. Temperature read- 
ii^s were obtained with a copper-constantan thermocouple in 
contact with the ruby. As shown, the Xe flash lamp has four 
linear sections which form a symmetrical parallel array close 
to and surrounding the ruby rod. The efficiency of this arrange¬ 
ment was almost doubled by enclosirg the lamp in a cylindrical 
reflector coated with MgO. The input power required for maser 
emission was approximately 700 joules. 



Figure 1. Atypical ruby optical maser. This schematic diagram shows the 
ruby rod, xenon flash lamp, MgO-coated reflector and housing. 

For work at 77 °K, the same ruby was kept immersed in 
liquid N 2 in a special dewar [6]. The ruby, with a similar ar¬ 
rangement of flash lamp and reflector as in Figure 1, was kept 
in a vertical position in this apparatus. Threshold for maser 
emission was about 400 joules. The output energy of the emission 
from these masers when the electrical energy to the flash lamp 
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was double the threshold value is estimated to be in the range of 
O.i to 1 joule. 

i 

WAVELENGTH AND LINE WIDTH OF MASER EMISSION 

When the flash lamp is fired at an energy below threshold 
for maser emission, the well-known ruby fluorescence in the 
broad Rj and Ra lines is obtained. Above threshold, the emission 
is in a very intense and sharp line at the wavelength of the peak 
of the Rj line. The spectra of the fluorescence and maser emis¬ 
sion (for the ruby at -70°C) are compared in Figure 2. The 
peak intensity of the maser line is greater than 5000 times 
that of the broad fluorescence line and its spectral width is only 


FLUORESCENCE 


MASER EMISSION 


about 1/20 of the fluorescence line. 

Rg R| 

' ''' A 

■I I I 


Figure 2. Spectra of the spontaneous and induced emission of ruby at -70°C. 
The fluorescence spectrum was obtained with 6 flashes of the lamp fired just 
below threshold. The maser emission was obtained with one flash a few per¬ 
cent above threshold and with neutral density filters to reduce the beam 
intensity by 1,000 before entering the spectrograph. Both spectra were 
photographed in the first order of a 35 ft. grating spectrograph with a slit 
width of 30 H and a reciprocal linear dispersion of 0.6 ^mm. 


It has already been shown [9] that the wavelength of the ruby 
maser emission is strongly temperature dependent (and as ex¬ 
pected the change in wavelength follows closely the thermal shift 
of the Ri line in fluorescence and absorption). This dependence 
on temperature is illustrated in Figure 3 and in the graph of 
Figure 4 for the ruby used in the present study. The total wave¬ 
length shift is about -10 A from 30°C to -196°C. In the tempera¬ 
ture range of 30°C to -100°C the shift is almost linear and ap¬ 
proximately-0.05 A/degree, but its rate of change is considerably 
less below about -i90°C. These observations are in general 
agreement with the earlier results of Abella and Cummins [9]. 

This temperature dependence of the wavelength is an impor¬ 
tant characteristic of the ruby maser emission. One practical 
advantage of this dependence is that it provides a method of 
"tuning" the wavelength by ~10 A (or the frequency by ~20 cm-i ). 



404 


SPECTROSCOPY 


Ne 6929,47A Ne6945.l4A 

h 



- 196 - 100-50 0 30 


TEMPERATURE ®C 


Figure 3. The variation of wavelength of the ruby maser emission with 
temperature in the range 30°C to -196°C. Each spectral line was produced 
by a single flash of the maser with input power close to threshold and the 
ruby at the designated temperature immediately before the flash. The 
spectra were photographed in the second order of a 21 ft. grating spectro¬ 
graph with a slit of 50/iand a reciprocal linear dispersion of 1.25 Vmm. 



TEMPERATURE ’C 

Figure 4. A graph of the wavelength variation of the ruby maser 
emission with temperature. 
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However, it is evident, that, in order to obtain a predetermined 
wavelength, or a constant wavelength, fairly accurate tempera¬ 
ture control of the ruby is necessary. For a constantwavelength, 
especially in applications where many repetitive flashes are nec¬ 
essary, optimum control is obtained at a temperature below about 
-190°C: as shown, this is most readily achieved by immersing 
the ruby in liquid Nj (-196°C). 

The dependence of the line width on temperature is illustrated 
by the interferograms of Figure 5. At -60°C (Figure 5a) the 
emission at threshold is in a group of four sharp lines (3 strong 
components and one weak) separated by approximately 0.05 cm. 
At lower resolution the group forms a line of width about 0.2cm. 
Similar groups of several components were observed at various 
temperatures down to about -100°C. On the other hand, with the 
ruby immersed in liquid Nj only a single sharp line is observed 
at threshold, with a width of between 0.01 to 0.02 cm-i . 

These results are understood with the aid of the schematic 
diagram of Figure 6. Here it is seen that at least three (and 
possibly four) cavity modes with a separation of 0.05 cm-i , are 
contained in the intensity peak of the broad fluorescence line at 
-60°C. Only one mode is near the peak of the stronger (m = ±3/2) 
component of the sharp fluorescence doublet at -196°C. Admit¬ 
tedly, this favourable circumstance of obtaining a single line at 
-196°C is fortuitous since the frequencies of the cavity modes 



Figure 5. Interferograms of ruby maser emission taken with a plane Fabry- 
Perot etalon having a spacing of 25 mm and inter-order separation of 0.2cm~* 
(a) emission in several axial modes (separated by 0.05 cm-^) with ruby at 
-60°C. (b)emission in a single axial mode,at threshold,with ruby immersed 
in liquid N2(-196°C). 
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Figure 6. Line width characteristics of ruby fluorescence Fabrv-P<»rnt 

emission (schematic), with (a) ruby a/-60°C 
and (b) ruby immersed in liquid Nj(-196°C). ^ ^ ^ 

are dependent on the optical path within the ruby. Nevertheless, 

^ sharp lines are 

components of the fluorescence 
th#> 1 ^ separation of 0.37 cm-i . With the present ruby, 

a few per cent above threshold. 

the ruby emission at -196°C 

temupratn^oc?^®” emission at higher 

compared in Figure 7 by means of the inter- 
at observed with consecutive flashes of the ruby maser 

of wavelpuSho^^^Tf®’ shown that the reproducibility 

and consid^M^*h lower temperature 

U is seel thif’' f® i®Q«o*5f“ temperature. In fact 

within the ^fvelength is reproducible to 

fore n! ^ is 0-02 crn’i ). There- 

Srfhip? ^ applications in high resolution spectroscopy it is 
desirable to work with the ruby at - 196°C. The advances lust 
discussed may weU outweigh the lucouvenleuce 
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Figure 7. Interferograms to show the reproducibility of the wavelength and 
line width of maser emission with (a) ruby at -60°C and (b) ruby immersed 
in liquid N2(-196°C). Each vertical strip arises from a single pulse of 
maser emission, the time between pulses being 30 sec and 15 sec for (a) and 
(b) respectively. The Fabry-Perot etalon has a spacing of 25 mm. 

ruby immersed in liquid Nj. Further, it may be noted that the 
thermal conductivity of ruby is high and is near its maximum 
value at -196°C so tiiat the time for thermal recovery is near a 
minimum at this temperature resulting in a faster firing rate of 
the maser. 


408 


SPECTROSCOPY 
SPECTROSCOPIC APPLICATIONS 

potential applications of the ruby optical maser, and of 
£ conveniently be discussed under 

bp inpii ^ "®°*^''^®^tional spectroscopy," would 

effecThn^R^? example, fluorescence, Raman 

that Is fiiiHc scattering and light scattering in general, 

^t IS fields of research in which the particular wavelength of 

might ^eTul^^n? intensity or its narrow line width 

technioiiA.^* " considerable improvements over the established 
and^^rWc conventional light sources. Under the other, 

SdS tZs! experiments", would be 

based on impossible to perform with sources 

SiiS dn ^ radiation, that is with sources 

maser emiss^nn^^Ti intensity and/or coherence of the 

mui+nnpnii .?®^® would be included for example, the si- 

photons [11], the gener- 

c?es T5 1^^ optical frliuen- 

Manv nthoJ.’ the production of high temperature flames. 
Many other new applications are expected in the near future! 

turetrml’Jprf JJ® above references to the published litera- 
in snprt^i,«p applications, many results of interest 

of arSibv^ma reported. A few applications 

att^Dted^It^i XT investigations have been 

briefl? dfscu^L^p * f^^^^^ories (Ottawa) and these will be 
lelly discussed here along with preliminary results obtained. 


Fluorescence 


lion to U,e“wT« S'®^ *’= ^ 

limitedtoslb^t!«PP«^^?®'^i?-’ ®o"rse, its usefulness will be 
may ifn? SS .i?wavelength, its high intensity 

Sr ShShtl^'S; 

beam was focusTedTfiw T^®^®''^ maser 

(at room temperaturefSd^lS®ff^® whole volume of the crystal 
temperature) and the fluorescence emission at right 
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Figure 8. Fluorescence spectra of several crystals excited 
with ruby maser emission. 

aisles to the incident beam was photographed with a small Hilger 
spectrograph on sensitized I-N plates. Only 1 to 3 flashes of the 
maser were used. It is seen that fairly intense fluorescence 
lines and bands are recorded in effective exposure times of a few 
milliseconds. 

The appearance of the broad fluorescence bands in crystals 
of Sm2+ in CaFj and of dark ruby is in agreement with earlier 
fluorescence data on these crystals. The origin of the relatively 
sharp fluorescence lines at 7030 A and 8000 A due to Tm^+in 
La,Cl 3 and Tm3+ in YClgis shown by the energy level diagram 
in Figure 9 (based on unpublished results of Dr. Shobha Singh). 
The origin of the two lines at 7800 A and 8800 A in Nd^ in LaCj 
is also shown in Figure 9 (after Carlson and Dieke [l4j); they 
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Figure 9. Energy level diagram of Tm3+ and Nd 3+ in LaCI, showing some 
of the transitions giving rise to the observed fluorescence (Figure 8). 


arise from the transitions and - "“Hu/a 

respectively. It is especially interestin^^to note that excitation 
o the Di /2 state is only possible by stepwise excitation with 
photons of ruby maser emission via the intermediate state 
a 9/2 as shown m the energy level diagram for Nd^ . Confir- 
mation of ais two photon excitation to the ^ Di/o state was ob- 

observation of two additional relatively 
aitrff shorter wavelengths, namely at 3850 

'•n imno’ as transitions from a common 

If and ^ 1 13/2 lower states, respectively, 

fluorescence experiments with these and other 
crystals are now in progress. 


Raman Effect 

emiss?onSlthi«a?if^‘^ narrow line width of the ruby maser 
emissionmakethis an obvious source for the excitation of Raman 
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spectra. A comparison of the pertinent spectral characteristics 
of the maser emission and of the Hg 4358 emitted by a typical 
''Toronto-type'' mercury lamp commonly used in Raman spec¬ 
troscopy, may be of interest. The line widths are comparable 
(-0.2 cm-i ), although, with the ruby at -196°C the maser line is 
narrower and therefore would be superior for high resolution 
studies. The power output in the 4358 A line is between 1 to 10 
watts and is comparable to the average power output of the ruby 
maser if it is flashed once a second. The maser may have an 
advantage in special applications (e.g., with crystals)because its 
output is in a collimated beam whereas the emission of the lamp 
is in 4n steradians and must be efficiently collected. Also, as 
mentioned in Section B, the ruby emission may be polarized. 
However, since the maser line is at A 6940 A there is a loss of 
a factor of about 6 compared to X 4358, arising from the law 
for scattered light intensity. Moreover, sensitized I-N emulsions 
must be used lor photographing the maser line (and the Raman 
spectrum) and their sensitivity is down by a factor of 5 to 10 from 
the I-O emulsions used with the A 4358 line. A similar loss in 
sensitivity is obtained with photomultiplier detectors. For the 
study of vibrational Raman bands with Au’> 2000 cmwhich would 
lie at A> 7800 cm“i, even a greater loss in sensitivity will be suf¬ 
fered. Thus, it seems a reasonable estimate that about 50 maser 
flashes would be required to produce a Raman spectrum of about 
the same intensity as that obtainable with conventional apparatus in 
an exposure time of one second. It may also be mentioned that, 
while 50 flashes of the maser would correspond to an effective 
exposure time of 50 millisec, the usual repetition rate of firing 
one flash every 30 sec. would lead to a total time of about 25 
min. 

The use of the ruby maser to excite the Raman spectra of 
liquid QHg and CCI 4 has been successfully demonstrated by 
Porto and Wood [lOj who obtained fairly complete spectra with 
50 to 100 flashes of the maser. In their experiments, the maser 
beam was diffusely reflected many times through the sample by 
a coating of white BaS 04 deposited on the surface of the cell and 
the scattered light was observed with a high aperture spectro¬ 
graph. 

A different type of Raman cell, based on total internal reflec¬ 
tion of scattered light, was used in the present experiment. As 
shown in Figure 10, the maser beam enters a small window and 
is reflected many times (by the silvered mirrors which form the 
cell walls) through the liquid sample until it reaches the light 
trap at the rear end of the cell. The scattered light is internally 
reflected until it finally emerges at the small front window and 
is focussed into the spectrograph. A rather weak spectrum of 
liquid CS 2 obtained witli 20 maser flashes is shown in Figure 11. 
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Figure 11. A weak Raman spectrum of liquid CS 2 . The effective exposure* 

c* j maser pulses, each lasting about 1 millisec, 

were fired at 30 sec intervals. A small Hilger spectrograph and Kodak 
sensitized IN plates were used. 


no means as good as 
Ste apparatus, they do in- 

an imnortant developments the optical maser may be 

liquids and solids ®P®ctra of coloured 

eSfaS for stLfi^^^^^ and of gases, 

development of riPtAet resolution. In this connection, the 
Ss Usfto optical mixing tech- 

ciLnt ind scaS St^ frequencies of the in- 

bilities for Ra^ and w® exciting new possi- 

Townes [I 6 ]. Brilloum spectroscopy as suggested by 
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High Temperature Flame Spectroscopy 

The high intensity, coherence, monochromaticity and direc¬ 
tionality, in short, all of the properties of the ruby maser dis¬ 
cussed in Section B, combine to make possible the attainment of 
very high temperatures when the maser beam is focussed on 
substances which absorb this wavelength. Theoretically, it should 
be possible to focus this beam to an area having the dimensions 
of the maser wavelength. In practice, it is easily possible to 
focus the beam to an area of the order of 0.1 mm^ and thus to 
obtain extremely high energy densities, of the order of kilojoules/ 
cm^ for the duration of the maser flash (-10'^ sec). In this way, 
it should be possible to obtain temperatures of about 10,000°K 
with microsamples of absorbing materials. 

When the ruby maser beam is focussed on a carbon surface 
in air, a blue jet-like flame is observed. The flame and hot 
particles produced with a boron carbon powder in air and in vac- 
ii iim are shown in Figure 12. Spectra of the carbon and boron 
flames in air are shown in Figure 13 with the main features 



Figure 12. High temperature flame and hot particles produced by a maser 
beam focussed on a boron carbon powder in vacuum, inset is the flame in air. 
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Figure 13. Flame spectra in air produced by a maser beam focussed on 
(a) a carbon surface, and (b) on boron powder. Two maser pulses were 
used to obtain each of the spectra on Kodak IF plates with a small Hilger 
spectrograph. 


identified as molecular bands of Cj, 
bands" of BO 2 . Many atomic lines of 
observed as well as strong continua 
spectrum. 


CN and the "fluctuation 
various impurities are 
in some regions of the 


in 


Eb^enmentswith flames produced in this way may be useful 
moleltiSf^^T® spectra of ions, free radicals and various 
kineti^studispectroscopy would be helpful in 
to SerSfti^ blames and it would be useful 

^ vibrational and rotational temperatures of 

sorptio^LS n®f emission and ab- 

ption spectra of the flames can be obtained and the reelon of 

vaS^uSfvtole! 

be ^useM so?rr.^T®f high temperatures may also 

gatLTy 

the P^tS'SeSrosZi’'® while only a lew of 

been discussS here cfeLl?^ma?v°''® °f 

are anticipated and haw ho, spectroscopic applications 

interest dnvetopments wUl be awaited with great 


ACKNOWLEDGEMENTS 


ance durii]^ toe ^cou^e'rf' valuable technical assist- 

ug me course of the investigations reported here: to 



STUDIES WITH THE RUBY OPTICAL IMASER 


415 


Dr. S. Singhfor collaboration in obtaining the fluorescence spectra 
and to Mr. D. R. Taylor and Mr. R. K. Carnegie for assistance 
in photographing spectra of the maser emission and of the high 
temperature flames. 


REFERENCES 

1. A. L. Schawlow and C. H. Townes, Phys. Rev. 112, 1940 

(1958). - 

2. T. H. Maiman, Nature m, 493 (1960); T. H. Maiman, R. H. 
Hoskins, I. J. D’Haenens, C. K. Asawa and V. Evtuhov, Phys 
Rev. m, 1151 (1961); R. J. Collins, D. F. Nelson, A. L. 
Schawlow, W. Bond, C. G. B. Garrett and W. Kaiser, Phys. 
Rev. Letters^, 303 (1960). 

3. A. Javan, W. R. Bennett and D. R. Herriott, Phys. Rev. Let¬ 
ters 6, 106 (1961). 

4. A. Javan, E. A. Ballik and W. L. Bond, J. Opt. Soc. Amer. 

■ 96 (1962). 

5. B. J. McMurtry and A. E. Siegman, Appl. Optics 1, 51 (1962). 

6. G. R. Hanes and B. P. Stoicheff. J. Ont. Soc. Amer. 52, 595 
(TD15) (1962): Nature 195. 587 (19621: to be published. 

7. E. Snitzer, Phys. Rev. Letters, 7, 444 (1962). 

8. F. J. McClung and R. W. Hellwarth, J. Appl. Phys. 33, 828 

(1962). — 

9. I. D. Abella and H. Z. Cummins, J. Appl. Phys. 32, 1177 
(1961). 

10. S. P. S. Porto and D. L. Wood, J. Opt. Soc. Amer. 52, 251 

(1962). ~ 

11. W. Kaiser and C. G. B. Garrett, Phys. Rev. Letters 229 
(1961);D. A. Kleinman, Phys. Rev. 125 , 87 (1962);R. Braun- 
stein, Phys. Rev. 125, 475 (1962). 

12. P. A. Franken, A. E. Hill, C. W. Peters and G. Weinreich, 
Phys. Rev. Letters 2, 118 (1961); P. D. Maker, R. W. Ter- 
hune, M. Nisenoff and C. M. Savage, Phys. Rev. Letters 8, 
21 (1962); J. A. Giordmaine, Phys. Rev. Letters 8,19(196^; 
R. W. Terhune, P. D. Maker and C. M. Savage,“Bhys. Rev. 
Letters^, 404 (1962). 

13. M. Bass, P. A. Franken, A. E. Hill, C. W. Peters and G. 
Weinreich, Phys. Rev. Letters 8^, 18 (1962). 

14. E. H. Carlson and G. H. Dieke, J. Chem. Phys. 34, 1602 

(1961). — 

15. A. T. Forrester, J. Opt. Soc. Amer. 253 (1961). 

16. C. H. Townes, in Advances in Quantum Electronics (J. R. 
Singer ed.) Columbia University Press, N. Y., p. 3, 1961. 




THE RUBY OPTICAL MASER AS A RAMAN SOURCE 


S. P. S. Porto 

Bell Telephone Laboratories, Incorporated 
Murray Hill, New Jersey, U. S. A. 


The use of the ruby optical maser as a Raman source has 
been recently described by Porto and Wood [l]. 

Figure 1 gives the experimental arrargement used in their 
work. The exciting lamp is a GE FT524 or a 4H4-T Kemlite 
flash lamp, operated by a 4000 V, 400 pdarad power supply. The 
ruby rod, R, of 0.05% nominal Cr concentration, is about 5 cm 
long, 6 mm diameter, flat to 1/5 fringe and parallel to better 
than 30 sec of arc. The ruby rod was silvered opaque at one end 
and with 25% reflectance at the other. More recent determina¬ 
tions of the total output of maser light against the reflectance of 
the light by coated side of the ruby, made for a number of differ¬ 
ent crystals, show however, that at 77°K a reflectance of 50 to 
60% at the light coated side of the ruby gives the maximum maser 
output. The ruby was kept near 77 °K by blowing dry nitrogen 
through a coil immersed in liquid N 2 and through the tube T in 
Figure 1; this tube surrounds the ruby and has a few openings that 
help cool the lamp. The liquid sample was contained in a cylin¬ 
drical cell coated with reflecting BaSO^ (reflectance of -98.5%). 
Light scattered out of the cell was focused on the entrance slit 
of a high aperture spectrograph built after the design of Bass 
and Kessler [2]. The ^ectrxunwas recordedon a non-sensitized 
IN Kodak film, and to obtainthe Raman spectrum, exposures con¬ 
sisting of from 16 to 100 flashes were used. 

Some of the problems encountered in the successful operation 
of the ruby optical maser as a Raman source and their solutions 
are: (a) the wavelength of the ruby optical maser varies as a func¬ 
tion of temperature, as shown in Figure 2. Since many flashes had 
to be integrated into one picture, constancy of the wavelength was 
important, and this was achieved by operation at, or close to, liq¬ 
uid N 2 temperature, (b) Besides the usually described parallel 
maser light coming from the ruby, a large number of weak lines 
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Figure 1. Experimenf'al arrangement. 


are observed with intensities comparable to those of the Raman 
lines, as shown in Figure 3. In the figure, E is the maser line, 
reflection, G is a grating ghost and Xe are 

u ^ problem the Raman tube 

s omd be placed at least 150 cm away from the ruby maser and a 
^ber of diaphragms interspaced between the two: since the 
maser beam is parallel and the weaker incoherent lines fall off 
as l/R a successful filtering is thus accomplished, (c) A fairly 
Urge number of flashes is needed to obtain a Raman spectrum. 

experiments the energy output of the maser 

the Raman 

^ experiments were obtained with less than 50 

] es. At present, however, there are commercial units that 

geetl Raman spectra 

should be obtainable with a single flash, (d) A further problem 

'^^tng the optical maser source to 
wo^'d spectra. Some applications here 

Soiu^?LnH rotational spectra in gases or of 

thrpcihniri solids. When the maser is pumped well above 

aiiPnrioi^’ ot oscillations are excited, with fre- 

®5t®ading throughout the emission line utilized. In 

resolSun relatively low 

esolution work, this is not as important however, since at 77°K 

aviruSjStoe^toH“'' “ 
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Figure 2. Variation of the ruby maser wavelength as function of the 
ruby temperature. 



Figure 3. Output spectrum of a ruby maser showing the unwanted radiation 
and some Xe lines due to the flash lamp. 

Figure 4 shows Raman spectra of CgHg and CC^as obtained 
by Porto and Wood. The CCI 4 spectrum shows essentially all the 
lines expected while in the CsHg spectrum the 3050 cm'^ band is 
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Figure 4. (a) Raman effect of CjHg with a comparison Ne spectrum. 

(b) Raman effect of CCI 4 with a comparison Ne spectrum. 


missing. This is due to the sharp decrease in sensitivity of the 
film about 8800A. In bothpictures the maser frequency has been 
absorbed by a small mask on the photographic plate. 
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THE EMISSION MODE PATTERNS OF RUBY LASERS 


E. S. Dayhoff 

U. S. Naval Ordnance Laboratory, 
White Oak, Silver Spring, Maryland, U.S.A. 


INTRODUCTION 

Rubies used as lasers in the conventional way usually exhibit 
a spiking phenomenon. The electromagnetic oscillations relax in 
a period of about a microsecond and recur in a random time 
sequence until the pumping is ended. In order to observe directly 
the nature of the modes of oscillation during these short time 
intervals we employed high-speed photography techniques [1]. 
The nature of these modes has implications for laser spectros¬ 
copy since presumably each fundamental mode will have both a 
distinct frequency and a distinct transverse pattern in the photo¬ 
graphs. 

In Figure 1 we show a cylindrical ruby crystal with an inter¬ 
nal cylindrical section forming an active "filament." A standing 
wave in the z-direction is shown schematically and also a sche¬ 
matic transverse mode pattern of emitting patches on the upper 
face. A change of one in the number of standing half-waves in 
the z-direction produces a change of frequency as illustrated on 
the frequency plot. Changes in the transverse mode distribution 
cause a relatively smaller change in mode frequency. It would 
appear that for typical crystals approximately 10 to 100 longi¬ 
tudinal modes will fall within the amplification band of the ruby, 
and a very large number of transverse mode patterns should be 
possible. These may occur in simultaneous or sequential com¬ 
binations associated with a multiplicity of emitted frequencies. 
Many kinds of perturbing influences arising from imperfections 
in the crystal may be present making it difficult to predict such 
things as the transverse mode patterns. We wish to study what 
these are by observational means. 
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Figure 2. Arrangement of experimental apparatus. Sometimes a Wollaston 
prism was used also near the output end of the laser. 

apparatus 


and general arrangement of our camera 

and laser. The camera is a Beckman-Whitley Model 192 [21. 

sTilar^^fif accomplished by means of a turbine driven trian- 
g ar mirror and a stationary film. Frames are ordinarily taken 
at a standard rate of 500,000 per seconder one every two micro- 

SoSt2% ®ach frame is exposed for 

f camera is actually dual, each half 

TH^. . frames through its own entrance pupil. 

This factor complicates the aiming of the laser and often resSts 
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in shading of the pictures. The camera caimot be synchronized 
with the laser output spikes so some frames are expected to be 
blank. No auxiliary shutter was used to cut off the light after one 
revolution of the mirror so we depended upon the termination of 
the laser pulse train to avoid doubly exposing the film. The laser 
is pumped by means of a spiral flash tube with MgO reflector in 
order to provide as uniform a pumping light distribution as pos¬ 
sible. All of the crystals we will show are of 0.04 to 0.05% Cr 
ruby 1/4 inch in diameter and 2 inches long and Fabry-Perot 
geometry unless otherwise stated. 



Figure 3 . Four successive frames of near field 
pattern of lasing ruby T 1 . Camera focussed on 
end of crystal. Time advances downward. The 
bright crescent is caused by a leakage of pump¬ 
ing light. Pump power near threshold. Standard 
framing rate of 500,000 per second. 

OBSERVATIONS 
Fabry-Perot Crystals 

In Figure 3 we see the end of a ruby 
which was cut with an angle of 90° between 
the crystalline axis and the rod axis. It 
had multiple layer dielectric coatings of 
high reflectivity on both ends. One part 
appeared to be more active than the rest 
and produced a number of fan-like pat¬ 
terns of high symmetry. The rest of the 
face produced a large number of randomly 
scattered small spots which flash on and 
off withthe active spot. Inthis firm strip, 
the laser output from a substantial part 
of the crystalface was cut off by aperture 
shadowing. 

In Figure 4 we see another crystal 
from the same source and having the 
same orientation. This crystal had a 
substantially lower threshold than the 
first. Its most active region seemed to 


prefer to form more of a straight line array of spots rather than 
an arc or fan arrangement. It also produced many small random 
spots simultaneously with the main pattern. At higher pump 
powers there was a tendency for the random spot pattern to 
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Figure 4. Four successive frames of near field 
pattern of ruby T 2. Conditions same as for fig¬ 
ure 3; pump power is 1.09 times threshold. 

aggregate into long bars with a somewhat 
defocussed appearance to which we have 
applied the descriptive word "cloudy.” 
This kind of pattern is apparently not ac¬ 
companied by the geometrical tsrpe and 
may represent a sort of merger of the 
two. 

Figure 5 shows a ruby with the crys¬ 
talline axis cut parallel to the rod axis 
and the cylindrical surface left rough 
ground rather than polished. This partic¬ 
ular crystal was studied by Atwood, 
Adams, Dueker and Gratz [3] and found 
to have a high anisotropic light scatter- 
ingpower. In these pictures we have used 
a Wollaston prism to produce separate 
images for the two polarizations. The 
active region is in the center of the crys¬ 
tal. It seems to be rather small and 
produces fairly distinctive geometrical 
patterns which are often different in de¬ 
tail for the two polarizations. Thus each 
polarization has its own characteristic 
mode going at the same time and in the 
same region of the crystal. In addition, 
we see in many frames streamers of light 
with interference bands which lead away 
from the central region toward the sides, 
but only in certain directions. The aniso¬ 


tropic distribution seems to suggest that 
these streamers are associated with the scattering processes 
within the crystal and are most prominent when the central mode 
seems strongest. 


In Figure 6 we see another crystal having exceptionally low 
optical scattering power according to Atwood et al [3]. Other 
properties are the same as for Figure 5. The mode distribution 
is entirely different, however, having principally a large cen¬ 
trally located region comprising about 2/3 the area of the crystal, 
broken up into fairly large patches arranged in somewhat irregu¬ 
lar whirls and patterns with a rather uniform light intensity. 
Around this large regionthere appearstobe relatively little light. 
Conspicuously absent are the streaks leadii^ toward the edge as 
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Figure 5. Eight successive frames of near field pattern of ruby PE 200. 
Pumping energy was 1.13 times threshold. Standard framing rate. 


with the last crystal. There are differences in patterns for the 
two polarizations. This crystal had almost the same threshold 
as the one of Figure 5. 

In Figure 7 we see some far field patterns produced by a 
ruby with high scattering power. To obtain these photographs 
the camera is focussed at infinity so the pattern appearing on the 
film is the angular spectrum of rays from the crystal. Due to 
aiming errors we do not see the center of the pattern. This 
crystal produces many small randomly distributed spots which 
extend to rather large angles, as far as several degrees from 
the beam center. We also notice that a certain clumping of these 
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Figure 6. Eight successive frames of near field pattern of ruby PE 189, 
Pumping energy was 1.13 times threshold. Standard framing rate. 


spots into rings occurs which appear to be the diffraction rings 
corresponding to the edge of the crystal face which acts as an 
aperture for the light emitted from the crystal.* Since it seems 
evident that the small random spots in the diffraction pattern 
correspond to the small random spots in the source, the presence 
of the diffraction ring modulation in the far field patterns is evi¬ 
dence that there is a considerable coherence to the light coming 
from the small random spots on the ruby face. The crystal of 

Figure 7(b) appears to have less internal scattering than the one 
of Figure 7(a). 
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Figure 7a, Four successive frames of far field pattern of ruby PE 196, a 
ruby of fairly high scattering power, producing near field patterns of a 
character similar to Figure 5. Pumping energy was 1.47 times threshold. 
Aperture vignetting effects are very severe in this figure, resulting in cen¬ 
ter and upper half of pattern being lost but ring structure is quite visible. 
Standard framing rate. 

Figure 7b. Four successive frames of far field pattern of ruby PE 199,a ruby 
of moderately low scattering power. Pumping energy was 1.03 times thresh¬ 
old. Relatively simple patterns of small angular spread are typical of near 
threshold operation even with crystals of high scattering power. Vignetting 
effects in these frames are relatively unimportant. Standard framing rate. 
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Figure 8. Eight successive far field frames of ruby PE 189. Pumping energy 
was 1.13 times threshold. Vignetting effects result in loss of lower part of 
image and also a portion near the top. Standard framing rate. 

In Figure 8 we see some far field patterns produced by the 
crystal of Figure 6 having very low optical scattering. We see 
that the higher angle random spot patterns with ring modulation 
are weak. The cone which contains strong light is fairly uniformly 
illuminated and shows a fine grained pattern of fairly random 
spots. A geometrical pattern is occasionally superimposed, 
which must be the Fraunhofer diffraction pattern of a geometrical 
source mode. Although this crystal is said to be one having 
relatively low optical scattering, it is evident that its laser out¬ 
put is still strongly affected by scattering. It does, however, 
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Figure 9. Geometry of "rooftop" total internal reflection crystal designated 
PE 141. The flat end has a high reflectivity dielectric coating. 


come closer to operating as a single unit than the other crystals 
studied. 

Rooftop Crystal 

This crystal (Figure 9) has been cut with a 60° angle between 
its crystalline axis and the rod axis and consequently emits 
polarized light. One end is flat with dielectric reflective coating 
and the other was cut with a 90° dihedral angle like a rooftop so 
it is effectively 100% reflective. Note the phase reversal of the 
electric field component of the ray shown. Figure 10 shows the 
source patterns which were observed from this crystal. Some 
obvious features are as follows: There is a line of symmetry 
for most of the patterns. This line is the projection of the dihedral 
angle line. An active area lies on this line in this crystal. The 
patterns produced in this active area are always symmetrical 
about the line of symmetry and are always dark right on the line. 
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Figure 10. Eight successive near field patterns produced by ruby PE 141. 
The Wollaston prism was used in these views,but its axes were not perfectly 
aligned with the polarization axis, allowing a weak image to form on the 

left-hand side. Pumping energy was 1.71 times threshold. Standard 
froming rate. 


They sometimes resemble checkerboards that may be somewhat 
distorted. A very strong difference in character exists between 
the patterns in the active region and the rest of the crystal where 
the light is emitted in the form of very many small spots in a quite 
random array. The small spot patterns show little if any sym- 
metry. In a small percentage of the time a geometrical pattern 
will be seen m the region normally occupied by the small spots. 
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Figure 11. Eight successive views of the far field pattern of ruby PE 141. 
Pumping energy was 2.11 times threshold. Vignetting effects cause loss of 
the upperand lower partsof the imagewhile aiming errors caused the center 
of the pattern to be near the right-hand edge of the picture. Standard 
framing rate. 


Far field pictures of the same crystal (Figure 11) show that 
the far field pattern also breaks into an outer part with random 
spot structure obviously correlated with the random spot source 
pattern and an inner part evidently related to the primary mode 
patterns in the active area. The primary mode diffraction pat¬ 
tern always has aline of symmetry and the symmetry line always 
shows as a narrow dark line. From this we conclude that the 
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source distribution producing this is highly coherent and has op¬ 
posite phase on the two sides of the symmetry line. The black 
symmetry line usually does not extend far into the random spot 
region, if at all, showing that their mechanism of production is 
basically different. 

INTERPRETATION 

In Figure 12 we illustrate in a schematic way the sorts of 
common crystal defects that are significant. On the left is a 
typified end view of a crystal in which the optical path between 
ends varies from point-to-point. Such variations may occur 
because the ends are not ground truly flat and parallel or because 
the index of refraction of the crystal contains irregular gradients 
on a scale comparable to the crystal dimensions. On the right- 
hand side we illustrate striae, that is, thin threadlike regions 
crossing the crystal at various places having a refractive index 
gradient able to cause a small angle deflection of rays intersect- 
ij^the stria. Such striae are quite numerous in ordinary rubies, 
perhaps thousands per square centimeter, may form families by 
having preferred directions in the crystal, and may tend to lie 
one on top of the other when viewed along the rod axis in certain 
regions. 


TYPES OF CRYSTAL DEFECTS 



EQUAL OPTICAL PATH 
BETWEEN ENDS 



STRIAE - 

LINEAR SCATTERING 
REGIONS 


Figure 12. Illustration of two significant classes of laser crystal defects. 


In Figure 13 we illustrate the effect that one would ejipect 
this structure to have on the laser oscillation. The small angle 
scattering centers are represented here by small prisms scat- 
ered through the crystal. A region which for some reason is 
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Figure 13. Cylindrical laser rod showing manner in which an active "fila¬ 
ment" may excite surrounding parts of crystal via scattered rays. 


more active than the rest has begun oscillating in a characteristic 
mode. The nature of this mode is controlled by geometry and 
large-scale gradients in the crystal; also some d 3 mamic induced 
factors may enter. Having started into a primary oscillation 
mode, some scattering centers intersecting this mode will deflect 
some rays of light into the surrounding parts of the crystal. Only 
a very small angle of deflection is involved in each scattering, 
but as the ray progresses through the crystal, being amplified as 
it goes, it intersects more scattering centers and is both split 
and deflected. A large number of such splits and deflections can 
occur, so the angle which the emitted light rays make with the 
crystal axis can be much greater than the angle of a single scat¬ 
tering event. In general these scattered beams will not close 
back on themselves, although occasionally a secondary self 
regenerative mode may form in the crystal driven by the primary 
mode. 
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In Figure 14 we show the way in which the source pattern is 
related to the far field pattern. The primary mode produces a 
Fraunhofer pattern by itself. In addition, the scattered beams 
being small in cross section illuminate a fairly large area of the 
focal plane and, having an essential phase coherence with each 
other, produce interference bands in the focal plane. In the 
Figure 14, two such source areas Qj and Qj are pictured as 
illuminating an area around P. Since there are so many randomly 
placed source spots, the interference bands produced by the, 
various pairs of source points will be randomly superimposed 
^d the net result is that the illumination in the focal plane is 
itself broken into irregular small spots. The small size of these, 
that is the small angular spread they represent, is an indication 
that there is a considerable degree of phase coherence among 



Figure 14. Relationship between near field source pattern and far field 
pattern for primary mode part and scatter mode part. 
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source spots that are separated by relatively large distances. 
Thus, we seem to have evidence of a sortof incomplete coherence 
where the crystal radiates a wave front of perhaps highly irregu¬ 
lar shape but nevertheless a shape which changes but little over 
many cycles of oscillation. 

CONCLUSIONS 


From the processes and data described above, one expects 
the following significant characteristics: 

1. In each light spike of about a microsecond duration, the 
entire crystal generally becomes emissive with a pattern of small 
spots, excepting when near threshold excitation is used. 

2. The pattern appearing on the crystal face often consists 
of an identifiable primary mode part and a scatter part. 

3. The divergence of the beam is considerably greater than 
the diffraction pattern which any recognizable primary pattern 
structure would suggest and is greater than would result from 
single event scattering in the crystal. 

4. Although the scattered beams emerge from the crystal at 
quasi-random places, a phase relation exists between their phase 
on emergence and the phase of the primary mode; therefore the 
far field pattern resulting from them shows some effects of 
coherence over a scale comparable to the dimensions of the 
crystal face. 

5. Successive light spikes of the crystal show considerable 
change in primary patterns and even greater changes in scat¬ 
tered beam patterns; coherence experiments done with light from 
many spikes are therefore ejqjected to indicate a lesser apparent 
transverse coherence range than single flashes would provide. 

6 . There is a considerable difference from one specimen to 
another due to the many ways in which the striae can be oriented 
and stacked. 

In addition, it is predicted from our model that only frequencies 
present in the primary mode will be present in the scattered 
beams. 

We believe that these results are typical of ordinary ruby 
crystals, that is those having highly reflective end coatings, 
Fabry-Perot geometry and operated at room temperature with 
spiral tube pumping. (We have recently photographed a grossly 
different crystal, however. It had no reflective coating on one 
end, operated at liquid nitrogen temperature, and had very high 
output power. It was found to operate continuously without spik- 
ii^ and its source pattern was simply a fuzzy disk.) 
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SUMMARY AND ACKNOWLEDGEMENTS 

In summary, we have shown the nature of the laser oscilla¬ 
tions in a common form of ruby laser on a variety of crystal 
specimens by means of high-speed photography and have de¬ 
scribed an interpretation in terms of crystal imperfections. 
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SUMMARY 

A survey is given of the reflection method in general and of 
the methods for determining the optical constants from reflection 
spectra. 

The possibility of increasing sensitivity by the use of 
attenuated total reflection is demonstrated and the es^erimental 
technique is described, including double-beam operation and 
mviltiple reflection. Application of this technique for routine 
and for fundamental analysis is indicated. For the latter, a 
method based on experiments at two angles of incidence is 
preferred over application of the Kramers-Kronig relations. 
From an error analysis, the experimental two-angle procedure 
giving highest accuracy is derived. 

INTRODUCTION 

We know from everyday experience that a beam of electro 
magnetic radiation falling onto a flat surface of a dense medium 
splits into a reflected and a refracted beam. 

The intensity of the two waves, as well as other features 
such as amplitude and phase, are determined by the i^ecific 
optical properties of the medium. Information on these optical 
properties is thus carried by both waves, and for studsdng the 
material we can make use either of the reflected, or of the 
refracted (transmitted) wave. 

The general preference in infrared spectroscopy for the 
transmission technique has primarily been due to two circum¬ 
stances. One is the complexity of the relations between molecular 
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properties and the intensity of reflected light; the other is the 
lack of detail and intensity in the reflection spectra of many 
materials, including practically all organic compounds. 

By the recent development of a comparatively simple com¬ 
puting method the first of these factors has lost much of its 
importance, while that of the second factor is greatly reduced 
by the introduction of a special reflection technique giving 
detailed information on organic compounds as well. Thus the 
scope of infrared reflection spectroscopy now overlaps that of 
transmission to a considerable extent and the choice between 
the two independent techniques will largely depend on special 
features of the problem to be investigated. 

The reflection technique has definite advantages in giving 
results essentially independent on sample thickness, and in 
making use of only one single characteristic phenomenon. In 
transmission on the other hand, always a superposition is 
measured of absorption and reflection, while sample thickness 
plays an essential role. Therefore reflection experiments are 
often to be preferred in any of the following cases: 

1 . the sample is strongly absorbing; 

2 . the sample resists preparation in a thin layer; 

3. the sample is characteristic only in a thick layer; 

4. the sample is only available fixed on a non-transparent 
support. 

Reflection spectra can be used for quantitative purposes 
just as in transmission, either by calibration or by calculation. 
Before we turn to these possibilities, however, we will first 
review the theoretical relations between characteristic reflection 
and molecular constants. 

THE RELATION BETWEEN REFLECTION 
AND ABSORPTION 

By a combination of the formulae of Fresnel and of Snellius, 
which follow directlyfrom electro-magnetic theory, expressions 
can be found for the reflecting power of a flat surface of a 
medium of refractive index n\ illuminated by a parallel beam of 
unit intensity at an angle of incidence 6. 

. ^ beam, polarized perpendicularly to the plane of 

incidence, we find for the reflecting power, Rgi 

Rs 

where: 

Ns 


N. 


1 + N. 


( 1 ) 


\n - sin^ GJ 
cos e 


(la) 
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For a beam polarized in the plane of incidence we have 


R'p = Rs 


1 - Np ^ 

1 + Np ’ 


( 2 ) 


where: 


(n»^ - sin^ eV ^\ 
sin 6 tan 9 


(2a) 


For a beam of normal incidence at the surface these eqxjations 
reduce to 


R = 


1 - n’ 
1 + n' 


(3) 


The refractive index n' is in general a complex number and can 
be written as 


n' = n - inK . (4) 

The real part n has the meaning of the ratio between the velocity 
of light in the two media adjacent to the reflecting interface. 
The imaginary part nx, being the product of the two optical con¬ 
stants, is related to tiie damping of the amplitude of the light 
wave in the second medium, and is connected to the absorption 
coefficient a of Lamberts law by 


a 


4 yn K 

X ‘ 


(5) 


Therefore the determination of the optical constants n and k from 
reflection is equivalent to the determination of a from trans¬ 
mission. 


The relation between the complex refractive index and the 
properties of the oscillators in the medium is given by dispersion 
theory. 

In a harmonic approximation, n' may be expressed by the 
dispersion formula 


n 


,2 


= n; 


■'1 


/2 + iy u 


( 6 ) 


where Vj is the resonant frequency of the j^** type of oscillator 
in the medium, n^ is the refractive index in the region of the j * 
band due to all other absorption bands, Y is the damping constant 
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related to the relaxation time of the j vibration and pj is the 
effective oscillator strength. For an isotropic medium pj is 
related to the matrix element | Rj | of the dipole moment of the 
j transition by 


= 


n„ + 2 


8 

3 h 



( 7 ) 


N being the number of oscillators per cm^. Splitting Eq. (6) 
into its components, and multipl 3 n.ng the imaginary part with i', 
we obtain: 


2n^ Ki> = 


Pj 7 


( 8 ) 


The resonant frequency fj is found at the maximum value of (8), 
y is given by the half-width of the curve and p. is found eitherby 


p. = y {2n^ Ku) 

J max 


( 9 ) 


or by integrating the curve. For an isolated band we have 



2a? Kvdv 


JL n 

2 " 


( 10 ) 


but also, if we assume that n varies so little over the band that 
it may be brought outside the integral [ l]: 


1 00 

J 2n2/c r nQidz/=-A^xiA 

Z 7T O TT 


2 7T 


( 11 ) 


integrated absorption coefficient, and n represent- 
hit2SSTi!L f- ®‘l'iivalent to a determination of m 

?ef^ctio? the band. For dense mediathe 

S I a? n H directly to the transition moment 

|Kj| as n. and n are immediately available. 


n AND k 

FROM REFLECTION SPECTRA 
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With two constants to be determined, in any case two inde¬ 
pendent equations involving them must be available. For the 
two cases of experiments carried out with oblique - or with 
normal incidence these equations are obtained in different ways. 

Oblique Incidence 

As reflecting power is given by (1) or (2), we have 
Rg = f(n, K, 6 ) and Rp = f'(n, k , 9 ). Therefore we can obtain the 
two equations needed from either of the following experimental 
data: 

(a) Rg measured at two angles 0i and 02 5 

(b) Rp measured at two angles 0i and 02 5 

(c) Rs and Rp measured separately at one angle; 

(d) Rp/Rg measured at two angles 0i and 02 . 

In judging the relative merits of these four methods, we 
have to consider that for conventional reflection experiments in 
(a) and (b) the specimen must be accurately replaced by a stand¬ 
ard mirror. Method (c) requires in addition a turning of the 
polarizer, which may introduce an error, if it shifts the beam 
laterally. The same holds a fortiori for method (d), because 
there the common reference mirror is omitted, so thatpolariza- 
tion effects in the monochromator must also be corrected for. 
Fore optics suitable for the above-mentioned methods were 
described by Simon [2] for vertical, and by Fahrenfort [3] for 
horizontal samples. An accessory for reflection measurements 
with double-beam spectrometers will be described in section 5B. 

For the solution of the optical constants from the two reflec¬ 
tivity data obtained at one frequency, graphical methods were 
given by Simon[2] for the methods (a), (b) and(c) and by Avery [4] 
for method (d). These procedures involve precalculated fami¬ 
lies of curves giving the reflecting power for a large number of 
n and k values at a pair of fixed angles of incidence. 

For the reflecting power obtained from experiment at each 
of these angles, a series of possible n-x combinations is read 
from the two graphs. These combinations determine two curves 
in the n-x plane. The intersection of the curves yields a pair of 
constants which holds for both experiments and hence is the 
unique combination. Simon's curves are given in Fig. 1. They 
give a clear survey of the dependence of reflecting power on n 
and K, and can therefore be used as a lead in choosing from the 
above methods the one best suited for a certain problem. 

The graphical procedure is both tiring and tiresome. There¬ 
fore a direct calculation of n and x from experimental data with 
the help of an electric calculator capable of talcing square roots, 
or better still with an electronic computer is more attractive 
if many data are to be handled. 
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Figure 1, Relation between reflecting power and optical constants for 
parallel and perpendicularly polarized light. 


A calculating procedure for method (c) has recently been 
published by Heilmann [5], and for method (a) also adaptable to 
(d) by Fahrenfort and Visser [6]. We will give these procedures 
for the sake of compactness without proof. 

From the experimental data of method (c) we can make up; 


V = 


Rs -Rp 
Rs ■^■Rp 


and 


X = 


V 


1 H- Rs 
1 - R. ‘ 


We calculate: 


Y = tan^ 0 (X -1) . ^ _ tan^ 6-1 V 

e - X ’ (2 cos tan^ 6 -x’ 

and with 


n2(l-K2) = z _ Y, 

and 


n2 (1+ «:2) (2 z sin2 q + 1/2 ^ 

we can easily calculate n and k explicitly. 

From the experimental data obtained from method (a) we 
can find the expressions: 
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Ai = = (1 + Ri)" cos'* 01 ; 

Cl = (1 - Ri)^ cos2 01 ; Di = Ri cos^0i , 

and similarly Aj, Bj, C 2 and Dj from the experimental data 
at 0^ ■ 

We calculate 

Ai D2 - A2D1 _ B1D2 - B2D1 

C 1 D 2 -C 2 D 1 ’ ^"CiD 2 -C 2 Di’ 

X = l^A.-C.P + iD.P= 

Y = 4 |^-Bi + CiQ - 1 DiQP^ 

Z = I 6 D 1 q2 . 

From these parameters we calculate 



and we find the optical constants from 

U = l-n^+n^/C^a - + Q; 

lo 

W = 2n2K = (M- 

Normal Incidence 

The simplicity of the experiment and of the relation (3) be¬ 
tween n’ and intensity, has led many workers to use normal 
incidence, even though experimentally normality can only be 
approximated. 

At normal incidence the 0 dependence and the difference 
between Rp and R* are meaningless and hence can no loiter be 
used for obtaining the equations necessary for the determination 
of n and k. Therefore one is obliged to bring other relations 
than are given by electromagnetic theory into play. 

One possibility is to assume the validity of the dispersion 
formula ( 6 ). Then, by successive trial and adjustment of the 



444 


SPECTROSCOPY 


constants appearing in this formula one can find the optical con- 
stents that gwe the best fit with the experimental reflection 
spectr^. Though this method requires elaborate calculations, 
It has been applied by several authors [7]. 

Anotoer possibility is to make use of the ftmdamental rela- 
tion which exists between the amplitude | r 1 = nAr of the reflected 
ave and its phase shift cp. If the intensity is known over the 

ww?!? approximation, so far into the 

K,!. ^ reflection spectrum has zero slope, the 

phase shift may be calculated at a frequency v by means of the 
Kramers-Kronig relation 






00 

/ 


Inirl - In I 


dv 


( 12 ) 


shown to be the logical equivalent of strict 
i.e., the condition that no reflected signal can appear 
eforethe mcident signal has reached the surface, and hence the 

general [8]. The first application to reflection 
spectroscopy was given by Robinson and Price [9]. 

purposes Eq. (12) can be written in a 

more suitable form: 




TT 'J 
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Slone frequency i/, depends on the 

Slone at spectrum although the 

wpfltti contribution due to the 

of smearin^^n’^t k+ - i'<,| . The integration has the effect 
Quen^v ovif tS? T error at one particular fre- 

tiiP WpZ ^ whole spectrum. Unfortunately this means that 
weighs Savilv'^lJ^ of measurement in the wings of the bands 

fromS'ShTS "“O'™ completely 


into 
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and splitting the latter into its real and imaginary compo¬ 
nents. 

Althoi^h measurement at normal incidence has certain 
ejiperimental advantages, the analysis oi the spectra is very 
complicated, while the possibilities of checking on deviations 
from theory are substantially smaller than in the case of oblique 
incidence, where analysis is based on electromagnetic theory 
only. 

THE SENSITIVITY OF REFLECTION 
TO VARIATIONS IN n AND K 

The failure of reflection spectra to show bands at the fre¬ 
quencies of all but the strongest transitions clearly appears from 
Figure 1. In the region around n = 1.5, which is a normal value 
of the refractive index of organic compounds we see that there 
is little difference between the curves for k = 0 and k = 0.2, al¬ 
though the level at 0 = 70° is different from that at 0 = 20°. This 
means that any change of k within this region will hardly be 
recorded in a reflection spectrum. 

A K value of 0.2, however, already stands for a strong ab¬ 
sorption, corresponding to a transmission of only 0.07%if meas¬ 
ured in a cell of 0.01 mm length at a wave length of 5iLt and if 
n = 1.5. 

ATTENUATED TOTAL REFLECTION 

General 

A closer inspection of Figure 1, however, shows that in re¬ 
flection also a much greater sensitivity to variations of k in the 
0-0.2 region is possible. This is found for values of n lying 
below imity, in the region where for non-absorbing substances 
{k = 0) the incident beam is totally reflected. For 6 = 10° this 
region begins at n = 0.94 and for 0 = 20° at n = 0.34. 

Furthermore it is seen that in these regions the intensity 
of reflection falls with growing k contrary to its usual behaviour. 

If the phenomenon of total reflection is examined more 
closely with the help of electromagnetic theory, one finds that 
the macroscopic observation of zero energy transfer from the 
first to the second medium is due only to the effect of averaging 
overtime and area. A microscopic analysis shows, at any time, 
an alternation of places where energy penetrates into the second 
medium and places where the energy stream is in the opposite 
direction. 

From the study of Schaefer and Gross [lO], one may even 
conclude that the energy stream follows a curved path from the 
entrance to the exit area, such that the light waves are actually 
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Figure 2. Comparison between conventional 
and ATR spectrum of an epoxy resin. 

In practice, the high-index crystal, for which AgCl, KRSs, 
Ge and similar materials can be used, has the shape of a hemi- 
cylinder. The sample is in contact with the face containing the 
cylinder axis, and the cylindrical surface acts as entrance and 
exit window. This gives us not only the possibility to change 6 
without directional changes of the incident or reflected beams, 
but it can also serve as a means to obtain a parallel beam, as 
shown in Figure 3. The mounting of such a crystal for solid 
samples is shown in Figure 4. The specimen is pushed against 
the bottom of the hemicylinder by means of a threaded plug. 

For the cases of low band intensity, a single reflection may 
be insufficient to yield enough detail in the spectra, even if a 
cylinder material of comparatively low index (and hence giving 
large critical angles) such as CsBr is used. Then, multiple re¬ 
flection crystals can be used, of the type shown in Figure 5. Such 
crystals still allow a fair range of angle settings. Dimensions 
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Figure 3. Arrangement for parallel incidence on the interface. 



Figure 4. Hemicylinder mounted in a cell for solid somples. 
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Figure 5. Five-reflection crystal showing the symmetrical light path. 


of these crystals must be such that the light path is symmetrical 
■with respect to the plane of symmetry containing the cylinder 
axis [6]. Figure 6 shows a one-reflection type cell in position 
in the reflectometer, which was designed for use in double beam 
spectrometers [6]. Angles of incidence can be set between 30 
and 63° with an accuracy of 3 arc minutes. On setting 9, the 
reflected beam remains focussed on the slit of the spectrometer. 
The light path is given in Figure 7. 


Application 

When applying this reflection technique, one has the choice 
between two general approaches, just as in transmission. One 
can either record the spectra and use them as such for qualitative, 
and with calibration curves for quantitative analysis, or one can 
run the experiments according to a specific system, in order to 
fulfill the demands for accurate determination of the optical 
constants. 

(a) The use of the spectra as such 

For many practical problems the spectra as such will suf¬ 
fice. No care has to be taken to ensure parallel incidence, or 
polarization of the incident beam. 
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Figure 6. Reflection accessory for use in double-beam spectrometers. 

Should be cali- 

vSw fofrp}w“ ® see that, although Beer’s law is not 
In Figure 8 ^ approximation, 

in nutl ^ solutions of decene-1 

of thp rmrA a i + Taking the reflecting power 

BeSl w toSf / ^ applloiuon of 

foStorf^SriSlJrs^SS^**^ *“ —*^-nnaUy 

easily b^brnnS,+°- polymers and elastomers can 

by exertw contact with the high-index crystal 

oy exerting a slight pressure (Figure 10). 
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Even of powdered materials spectra may be obtained, though 
contact of course cannot be complete and the reflection of the 
"free” interface sets alimit to the modulation depth of the bands. 

It is noteworthy that even in the absorption regions the at¬ 
tenuation of ATR spectra never reaches the stage of a complete 
blackout. This may be used advantageously for the recording of 
spectra of solutes in absorbing solvents such as water, as com¬ 
pensation in a double-beam system is easily achieved. 

An accessory for ATR studies offering the possibility of 
angle adjustment is now available commercially.* This is well 
suited for this type of practical studies and can easily be in¬ 
stalled in common spectrometers. 


*Coimecticut Instrument Corporation, Wilton, Conn. 
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Rgure 8. Attenuated total reflection of solutions of decene-1 in nuiol 
^eceT] •== 20%, d: 50% and e: 100% 


difiic^t to it will sometimes become 

cases a micro oi! f difficulties arise. In these 

shown in Sre if Th^h be useful; a possible system is 
hemisphere, whTch IS replaced by 

from a large ellintical nr '*• ^ convergent beam 

hemisphS is toreSe The action of the 

flectir^ surface. An illLflS?®'^®^°“® on the re- 

easily obtained No riiffr u-, as small as 2 x 0.5 mm is 

y ODUmed. No difficulty is encountered in reproducing by 
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FORMAL OPTICAL DENSITY 



Figure 9. Relation between formal "optical density" and 
concentration for two bands of decene-1 in nujol. 



a second mirror an image of good optical quality for focussing 
on the spectrometer slit. As a wide range of angles of incidence 
is present in the incident beam, no angle adjustment should be 
required. 

(b) Determination of optical constants 

Measurements for determining the optical constants have 
to be carried out with parallel incidence, which necessitates a 
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Figure 11. Possible arrangement for an ATR micromethod. 


s^ficiently large area of good optical contact. This means that 
the surface of hard materials has to be carefully prepared. For 
liquids there is no difficulty, of course, and a few examples of 
complete analysis are now available. These were also compared 
with the implications of dispersion theory and the Kramers- 
Kronig relations. 

In Figure 12 the k and n values in a few bands of acetone, 
toluene and benzene are given; they were calculated with the 
computing system for method (a) (Oblique Incidence) from spec¬ 
tra recorded for highest accuracy as treated in the next sec- 
non. 


Values for the integrated absorption obtained from the os- 
cillator strengths by a combination of Eqs. (10) and (11) are given 
in Table 1, together with the fundamental constants. 

T 4 . ^ have not been corrected for finite 

slit width, being 3.2 cm-i at 1035 cm-i and 3.5 cm-i at 1300 

I benzene and acetone a comparison is given in Figure 
13 between the curves of 2 n 2 kv as obtained directly from the 
optical constants, and indirectly by calculation via Eq. (8) with 
the constants from Table 1. It is seen that agreement is better 
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Table 1 

Fundamental Constants for Absorption Bands 



Benzene 

Acetone 


1035.2 

1222.0 

1364.5 

1 

a 

o 

10.2 

10.0 

16.8 

p , cm-2 

2131.8 

12850 

21470 

n 

1.462 

1.383 

1.361 

A., cm/mmole 

1.275 X 10^ 

6.7 X 10^ 

11.4 X 10^ 


for acetone than for benzene, where low-frequency side bands 
have a disturbing effect. 

For benzene the phase shift cp on reflection at 9i is given in 
terms of the constants defined in Section 3A by [6]; 

» = arc sin ^ D, (16) 

and hence can be calctilated from the optical constants and the 
reflection spectrum. For 6 = 46.5° the spectrum is reproduced 
as the drawn line in Figure 14a. The phase shift is given in Fig¬ 
ure 14b, curve I. 

By the application of the Kramers-Kronig relation [13],this 
shift was also calculated from the same experimental data (Fig¬ 
ure 14b, curve n). Although the shape of curve 11 is approxi¬ 
mately correct, there is a large difference in level between the 
curves I and n. On omitting the region indicated by 0 in Figure 
14a, and recalculating, a phase shift was obtained (cxmve HI), 
lying on a still higher level than H, indicating that the difference 
between II and I is due to the measurements not having been 
pushed forward far enough into the wings of the reflection band. 
A reasonable extrapolation of the experimental ^ectrum is 
indicated by the dotted line in Figure 14a. The recalculated 
phase shift based upon this extended spectrum yielded the curve IV 
in Figure 14b, in better if not full agreement with the phase shift 
calculated from the optical constants. 

Evidently the phase shift as calculated by the Kramers- 
Kronig relations is very sensitive to the reflection character¬ 
istic in the band wings, which makes it rather unreliable, as ex¬ 
perimental data in the far wings of a band usually are inaccurate. 
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Applications of the computing method (Oblique Incidence), 
giving results for any arbitrary frequency without the need for 
data at other frequencies should therefore be preferred. This 
type of computation has the additional advantage of being at least 
ten times as fast as the Kramers-Kronig calculation. 

Accuracy of the Method 

The swift operation of the calculating system allowed us to 
assess the errors introduced by the inevitable inaccuracy of the 
experiments. 
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The two reflection coefficients calculated for a hypothetical 
two-angle experiment were varied with ±0.005 from the true 
values. The errors were calculated for a number of k levels at 
different values of 6 ^ and such that 9^ was taken at increas¬ 
ing distance on either side of the critical angle. At each of these 
6 i values, a number of intervals A 6 = 62 - 9i was considered. 
The outcome of this test is illustrated by Figure 15, which gives 
the results for A9 = 5° and 10°. The k range was chosen from 
K = 0.1 to /c = 0.002 and 61 ranged from 35® to 47°, the critical 
ai^le being 44° 26' in all cases, correspondii^ to a refractive 
index n = 0.7000. 

It is seen that the most accurate k is obtained if the two 
angles 61 and 02 are on opposite sides of Ocrit ■ The best results 
are obtained for the range 0.02 < k < 0.1 at A 6 = 10°. Then the 
relative error is limited to some ±5% for the experimental error 
given above over a fairly wide range of 0i values. 

The error curves for the refractive index are given in Fig¬ 
ure 15b. Here the error is largest for high k where it varies 
between 0.4% and 0.6%. Otherwise the error is well below this 
value and becomes as low as 0.04% for k = 0.002 and 9^ near 

^crit • 

On the basis of these error analyses, a general procedure 
for the best way of recording ATR spectra for calculating pur¬ 
poses can be given: 

The angle of incidence is first changed, until the reflected 
energy starts to rise steeply. The angle is then adjusted until 


% ef)R0R. n 




Figure 15a. Relative error in k due to an error ±0.005 
in reflectivity, given as function of • 

Figure 15b. Relative error in n due to an error ±0,005 
in reflectivity, given as function of 0 i. 
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the highest reflecting power on scanning the band manually 
reaches some 70-80%. In this way, is near Sj-rit the 
lowest value of n encountered, and in consequence it is now up 
to a few degrees on the lower side of ^^rit the remainder of 
the band. 

We have seen that this is the value yielding highest preci¬ 
sion when combined with a second angle, some 5-10° higher. 

CONCLUSIONS 

The development of Infrared reflection techniques for other 
than strongly absorbing substances offers many possibilities to 
extend the field of application of infrared analysis. 

Although the experimental methods are still in development 
one can already obtain, with simple means, spectra of materials 
that used to the inaccessible or could only be studied with con¬ 
siderable effort. If wanted, the specific optical characteristics 
can'be obtained as well, by application of comparatively simple 
computing methods. 
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COMPARATIVE STUDIES OF INFRARED AND RAMAN 
GROUP FREQUENCIES AND THEIR APPLICATIONS* 


R. N. Jones, P. J. Krueger(a),^ K. Noack(b),^ J. J. Elliott(c) 
R. A. Ripley(d),^ G. A. A. NonnenmacheY(e)^ and J. B. DiGiorgioi 


INTRODUCTION 

Between 1930 and 1940 several hundred papers were pub¬ 
lished on the Raman spectra of organic compounds. In particular 
Professor Kohlrausch and his colleagues at Graz established 
numerous correlations between molecular structure and Raman 
band positions in complex organic compoimds where vibrational 
analysis in terms of normal co-ordinates was impracticable. 
Their work played a leading part in establishing the character¬ 
istic group vibration frequencies that were later taken over by 
analytical infrared spectroscopists and, as such, contribute pre¬ 
dominantly to the livelihood of many in the audience here this 
afternoon. 

As you all know, great advances took place in the technique 
of infrared spectrometry in the early 1940's,and those chemical 
spectroscopists who were primarily concerned with the struc¬ 
tural analysis of complex organic compounds lost interest in 
Raman spectroscopy. This shift of interest to the infrared was 
not, of course, complete. To cite a specific example, notable 
work on the Raman spectra of aqueous solutions of peptides and 
amino acids has come from the laboratory of Prof. J. T. Edsall 
at Harvard University [l]. The Raman spectra of alicyclic and 
aliphatic hydrocarbons and their unsaturated derivatives have 
also continued to receive attention, particularly from laboratories 


♦Published as Contribution No. 6925 from the Laboratories of the National 
Research Council of Canada. Lecture delivered by R. N. Jones. 
tNational Research Council of Canada Postdoctorate Fellow, (a) 1958- 
1959; (b) 1958-1960; (c) 1959-1961; (d) 1960-1962; (e) 1961. 

{United States National Institutes of Health Postdoctorate Fellow. 
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in the United States and the Soviet Union. By and large, however, 
Raman spectroscopy, in latter years, has been abandoned to the 
small molecule people. 

From the utilitarian point of view, this was a natural course 
of events. The infrared spectrum is, today, much easier to meas¬ 
ure than the Raman spectrum, and a much snialler quantity of 
sample sxiffices. Until recently a gram or more of material was 
customarily required for a Raman spectrum. Fxirthermore, it 
is essential that the compound be non-fluorescent in the exciting 
radiation, and it must also be scrupulously free from fluorescing 
impurities. Additional complications arise if the compound is 
colored. 

It is obvious, therefore that Raman spectrometry has little 
to offer the chemistwhere similar information is obtainable from 
the infrared spectrum. Spectroscopists know, however, that 
Raman and infrared spectra depend on different electrical char¬ 
acteristics of the molecular vibration, and therefore provide dif¬ 
ferent information about the molecular structure. Our present 
knowledge of the structure of molecules in the electronic ground 
state could never have been obtained by the use of either the 
i^rared or the Raman i^ectra alone, and the structural informa- 
tion from the two types of vibration spectra complement rather 
than duplicate one another. If the technical difficulties of ob¬ 
taining Raman spectra from small samples could be overcome, 
our knowledge of group frequency vibrations would be greatly 
enriched, and it is reasonable to anticipate that for complex 
molecules, as for simpler molecules, comparison of the two types 
of vibration spectra should yield more detailed information about 
the molecular structure than organic chemists currently derive 
from the infrared spectrum alone. 

During the past three years we have been investigating the 
potentialities of semi-micro Raman spectrophotometry using a 
Cary Model 81 Raman ^ectrophotometerj the greater part of the 
work has been carried out with a capillary sample system that 
has a volume of approximately 200 microliters. This afternoon 
I want to summarize o\ir experiences and review both the possi¬ 
bilities and the limitations of the technique as we have developed 
it. In our investigations we have kept in mind the routine meth¬ 
ods used by chemists to obtain infrared spectra of complex 
organic compounds in the liquid state and in solution, and we 
have endeavored to develop our Raman technique so that the 
spectra are obtained under conditions that conform as closely as 
possible with those commonly used in the infrared. 

In Figure 1 is shown a cross-section through the cell com- 
partment and the source unit. A horizontal Toronto type mercury 
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Figure 1 


arc is used with water cooled electrodes. The helix is con¬ 
structed of Coming 1720 glass and the 4358 A. mercury line is 
Isolated by a double walled Pyrex glass filter jacket. Aqueous 
potassium nitrite solution is circulated by means of stainless 
steel and Teflon tubing through the outer compartment of the 
filter jacket, while a static aqueous solution of Rhodamine (5DGN 
extra) is used in the inner annular space. This is a modification 
of the source unit provided by the manufacturers which employs 
a Pyrex glass helix and a filter system of two organic materials 
circulating in a common solvent through a single annular jacket. 
The sample cell lies on the axis of the cylindrical source system 
and consists of a Pyrex glass capillary tube of the dimensions 
shown. The closed end of the tube rests against a wide angle 
collecting lens with emersion contact provided by a drop of 
glycerol. 

The total capacity of the cell is about 200 mg. though, as will 
be described later, we commonly add carbon tetrachloride or 
some other miscible organic liquid as an internal intensity stand¬ 
ard. When measuring the spectra of organic liquids the optimum 
quantity in the tube is about 150 mg. The Raman bands are nor¬ 
mally scanned at a rate of 15 cm.-i per minute, and a complete 
scan from 150 to 4000 cm."’^ therefore requires between 4 and 5 
hours. In practice we can scan more rapidly through regions 
that contain no bands and a complete run takes about 3 hours. 
ISi^en measuring the spectra of liquid samples under these con¬ 
ditions we use a cylindrical transverse Polaroid polarizer be¬ 
tween the filter jacket and the sample tube to eliminate the un- 
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desirable effects of oblique radiation. For more dilute solutions, 
where the energy limitations are severe, the polarizer is dis¬ 
pensed with in sxirvey spectra, though it is practicable to use 
polarizers to measure the depolarization ratios of the stronger 
bands. 


DEVELOPMENT OF AN INTENSITY SCALE 


A good deal of our time and effort has been taken up with the 
establishment of an intensity scale that will permit semi- 
quantitative comparison of Raman spectra measured under dif¬ 
ferent experimental conditions. • There is at present considerable 
interest in the absolute measurement of Raman band intensities 
and an extensive literature is accumulating on this subject. Most 
of this work is motivated by a desire to obtain an absolute meas- 
imemeht of the Raman intensity, free of instrumental variables, 
in a form that will ultimately permit theoretical and experimental 
study of the relationship between the Raman band and the intrinsic 
properties of the associated normal vibration. We shah not 
review this here, but those interested will find access to it 
^rough the publications of Bernstein [2], Michel [3], Rea [4], 
Timmcliff [5J and the recent monograph of Brandmuller and 
Moser [6]. 

Oyir studies of Raman band intensities have had a more limited 
objective as we are not, for the present, attempting to attach 
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diagnostic significance to difference in absolute band intensities. 
We are satisfied if we can reduce the raw data to an approximately 
common ordinate scale and are not particularly concerned if it 
should later be shown that systematic errors occur. When all is 
said and done, this has been the status of a fair proportion of the 
infrared data recorded on small prism spectrometers over the 
past twenty years, and such measurements have still yielded much 
useful information. 

As the Raman effect is an emission process, we are dealing 
with an absolute light intensity measurement, not a ratio, and it 
is ejq)edient to express the measured intensity as a ratio of that 
of a standard band. For this purpose the band at 459 cm.-i in 
the spectrum of carbon tetrachloride is commonly used. We have 
followed this practice, though with some misgiving, since the 
band is highly polarized and of asymmetric shape. A more 
symmetric depolarized band would be preferable as an intensity 
standard. The principle factors known to influence the measured 
band intensity are summarized in Table 1, which is based on the 
treatment of Raman band intensities by Bernstein and Allen [7].* 
It is the third term of the expression, involving the refractive 
index of the sample, that has given us the main concern, and this 
is the only element of this expression with which we need to deal 
this afternoon. Most investigations of refractive index effects on 
Raman band intensities are based on optical systems in which a 
large sample volume is employed, so that none of the radiation 
generated near the walls of the sample tube enters the spec¬ 
trometer, and the instrument "sees" only a cone of rays coming 
from the central part of the cell. (Figure 2A.) In the micro 
sample tube, multiple internal reflection takes place,both at the 
liquid/glass intersurface and at the glass/air inter surface of the 
cell (Figure 2B). As a result of this we are dealing with light¬ 
pipe optics, and the Raman intensity recorded by the spectro¬ 
photometer becomes highly sensitive to the efficiency of the 
capillary tube as a light-pipe. This, in turn, depends on the re¬ 
fractive index of the liquid in the cell. 

A detailed analysis of this problem has recently been carried 
out by D. D. Tunnicliff and A. C. Jones [5] at the Shell Develop¬ 
ment Company at Emeryville. They have used a wider tube of 
6 mm. internal diameter, and their results and conclusions are 


*Bernstein and Allen included an additional term in their original expres¬ 
sion to take care of reflection losses at the air/glass intersurface of 
the sample cell. An analytical treatment by Rea (4] has subsequently 
indicated that, under the conditions of his analysis, this factor has no 
effect, a conclusion with which Bernstein now concurs [8]. In Table 1 
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Table 1 

Raman Intensity (Bernstein and Allen) 


I 1 + p 459 


S =- 




^CCl4 ^459 


M /d\ 
d \M/ 


ca4 


(S.V {v - 459\ ^ 1 - exp (-1. 44A v/T) 

"" 459 - Av/ 1 ~ ejqp (-1.44 x 459/T) 


S =- (Depolarization) (Refractive Index) 

ICCI4 
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(Photo. Sensitivity) 

(Cone.) (Raman Shift) (Temperature) 
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Figure 3 


in good accord with ours, provided allowance is made for the fact 
tlmt the w^l effects are much intensified when the internal cell 
diameter is reduced from 6 mm. to 1 mm. These effects are 
illustrated in Figures 3 and 4 which show the influence of the 
refractive index of the medium on the peak height of the 459 
band of carbon tetrachloride in solutions of varying refractive 
index. The intensities were in all cases corrected for the volunae 
dilution. You will observe that for both the wider and the nar¬ 
rower tube a distinct break occurs in the slope of the line at a 
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Figure 4 


point falling near to the refractive index of thePyxex glass used. 
Above this point total internal reflection at the liquid/glass 
intersurface can occur to increase the light-pipe efficiency. For 
the cell of 6 mm. internal diameter the overall intensity increases 
from 0.9 to 1.6, and for the 1 mm. cell from 0.5 to 2.5, taking 
that of liquid carbon tetrachloride as unity. The observed values 
were all obtained for a selected cell of each size; they vary ap¬ 
preciably from one cell to another, particularly for the narrower 
cells. 

To minimize the complications introduced by this refractive 
index effect we add a known quantity of carbon tetrachloride to 
the liquid sample, where miscibility permits, and use the 459 
cm.'^ band as an internal intensity standard. In this way it is 
insured that the carbon tetrachloride band is measured under the 
same conditions of refractive index as the sample. In adopting 
this practice it is tacitly assumed that the intrinsic intensity of 
the Raman band of carbon tetrachloride is insensitive to the sur- 
roundii^ medium. This is unlikely to be true, and recent meas¬ 
urements by Bernstein [8] suggest that the variation could amount 
to 30% or more as between polar and non-polar solvents. In the 
survey work with which we are primarily concerned we shall not 
normally be dealing with liquid systems of extremely different 
polar character, and these systematic errors are therefore un¬ 
likely to reach this magnitude. Bearing these considerations in 
mind we have employed the simplified intensity expression shown 
in Table 2 where corrections are applied only for the dilution with 
the reference standard and for the spectrophotometric response 
of the spectrophotometer, which is checked periodically against 
a standard intensity source. 
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Table 2 


SIMPLIFIED INTENSITY FORMULAE 
{CCL^ internal standard) 


PEAK HEIGHT 


BAND AREA 
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Figure 5 


The Raman spectra of substances that are solid at room 
temperature are best measured in solution, and since our object 
IS 0 compare Raman spectra with infrared spectra it is desirable 
to use the same solvents as are normally employed in infrared 
^ectrometry. The Raman obscuration regions of the common 
mtrared solvents are shown in Figure 5 together with the corre¬ 
sponding obscuration ranges for the infrared at 1mm. path length. 
Above 850 cm. i carbon disulfide, carbon tetrachloride and 
chloroform all obscure less seriously in the Raman than in the 
infrared teclmique, ^d this is particularly important for the 
range 1650-1500 cm.-i where the C = C stretching bands occur. 
Raman obscuration below 850 cm.'^ tends to be more severe 
though a very useful partial window is present in carbon disulfide 
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between 600 and 300 cm.'^ . In the selection of a solvent for 
Raman measurements the importance attached to high refractive 
index increases the preference for carbon disulfide. The most 
dramatic difference between infrared and Raman solvent obscura¬ 
tion exists for aqueous solutions; Raman spectra measured in 
water arefreefrom significant obscuration below 3200 cm.-i and 
it is unfortunate that the low refractive index of water limits the 
advantage that can be taken of this. 

Most of our spectra have been measured in carbon disulfide, 
chloroform or carbon tetrachloride, in that order of decreasing 
preference, and selected bands in the spectra of carbon disulfide 
and chloroform have been chosen as secondary intensity stand¬ 
ards. Conversion factors have been determined relating these 
to the carbon tetrachloride 459 cm.'^ primary standard, both for 
peak height and total area measurements, under the different 
conditions of illumination that we normally employ. These fig¬ 
ures are listed in Table 3. They permit the transfer of intensity 
data between measurements in different solvents, subject to the 
assumption that the absolute intensity of the standard bands do 
not vary with the medixim. 

REPRESENTATIVE EXPERIMENTAL DATA 

Having disposed of these introductory considerations, we 
may now take a look at some actual spectra. In Figure 6 is 
shown a typical spectral chart record obtained from 50 mg. of a 


Table 3 

Peak Height Conversion Ratios for Secondary Raman Standards 



6 mm. Tube (LD.) 

1 mm. Tube (I.D.) 

Carbon Disulfide 65G cm.“^ 



(No polarizer) 

2.53 ± 0.01 

2.48 ± 0.02 

(± polarizer) 

2.29 ± 0.05 

2.28 ± 0.07 

Chloroform 366 cm.“^ 



(No polarizer) 

0.67 ± 0.01 

0.68 ± 0.02 

(X polarizer) 

0.63 ± 0.01 

0.63 ± 0.01 

Chloroform 668 cm.’^ 



(No polarizer) 

0.77 ± 0.02 

0.77 ± 0.02 

(X polarizer) 

0.77 ± 0.03 

0.77 d: 0.03 


The primary standard is the 459 band of carbon tetrachloride. 
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ketosteroid in carbon disulfide solution. This can be considered 
representative of the quality of numerous steroid Raman spectra 
we have obtained under conditions of favorable solubility and low 
background fluorescence. In Figure 7 we see the spectrum of a 
slightly higher concentration of the same ketosteroid in chloro¬ 
form solution, measured under the same instrumental conditions. 
This illustrates the profound effect of the refractive index when 
using capiUary sample tubes. The arrows designate the known 
band positions, but the signal to noise ratio is too low to yield 
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reliable band measurements unless the spectrum is rescanned 
several times. The spectrum in Figure 8 is that of a different 
steroid with 140 mg. in the cell in chloroform solution; it shows 
that, where the solubility is sufficiently high, the acceptable 
signal to noise ratio can be reestablished by raising the sample 
concentration. 

Figure 9 shows the spectrum of a concentrated aqueous solu¬ 
tion of a sugar derivative. Here the raw data have been corrected 
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for background slope by drawing tangential baselines to the indi- 
vidu^ bands. This illustrates the vibrational band structure that 
fwu ° under favorable circumstances for compounds 

that have high solubility in water. It is particularly interesting to 
observe the prominent and well resolved structure between 900 
and 300 cm.'^. 

order to compare Raman and infrared spectra we replot 
both curves on adjacent charts using ordinate scales that are 
chosen to emphasize the band intensity differences. The spectra 
show in Figure 10 are representative of such comparative sets 
of steroid Raman and infrared spectra we have obtained recently.* 



Figure 10 
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Most notable is the prominent difference in the relative intensi¬ 
ties of the C = O and C = C stretching bands; the carbonyl band 
in Figvire 10 is a superimposed doublet from the acetate and the 
cyclopentano-ketone groups. Since the olefinic C = C stretching 
bands are relatively so intense, they can be observed at lower 
concentrations as is shownfor the 10 mg. steroid sample in Fig¬ 
ure 11. 

In the infrared spectrum in Figure 10 the three groups of 
strong bands near 1360 cm.-i , 1240 cm.-^ and 1020 cm.-i are 
all associated with the acetate group, and in the infrared spectra 
of steroid acetates there is little structure in this "fingerprint" 
region that can be directly associated with the four ring steroid 
skeletal system. In the Raman spectrum these acetate bands are 
weak or absent, but the spectrum as a whole is richer in bands 
than the infrared spectrum and the greater part of this structure 
is associated with the carbocyclic skeleton and its attached 

RAMAN SPECTRUM 
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hydrogen atoms. It is indeed a general observation that for ali¬ 
phatic andalicyclic molecules that contain functional substituents 
and hetero-atoms, the infrared spectrum below 1350 cm.'^ is 
dominated by strong bands associated with the hetero-atom and 
its vicinal structure, whereas the Raman spectrum tends to reflect 
the structure of the carbon skeletal system. This is illustrated 
also by comparative studies we have recently made of the infra¬ 
red and Raman ^ectra of aliphatic methyl esters. 

In these investigations methyl laurate was selected as a 
representative straight chain methyl ester and the derivatives 
listed in Table 4 were prepared [9]. From a comparative analy¬ 
sis of the infrared spectra of these compounds[lO] it was possi¬ 
ble to associate all of the bands with specific units of the molec- 
ular structure as shown in Figure 12A. The Raman spectra of 


Table 4 

Methyl Laurate Derivatives 


CHg — (CH2)9 
CD 3 — (CH 2)9 
CH 3 — (CH 2)9 
CD 3 — (CH 2)9 


— (CH2)9 

— (CH2)9 


— CH 2 
— CH 2 
— CH 2 
— CH 2 

— CD 2 
— CD 2 
— CD 2 

- CD 2 

— CH 3 
CD 3 — (CH 2 )io — CH 3 
(CH 2 )io — CD 3 

— CHo 


CH 3 
CD 3 
CH 3 — (CH2)9 

CD3 - (CHj)^ 

CH3 — (CH2)io 


— CO — 0 CH 3 

— CO — OCH3 

— CO — OCD3 

— CO — OCD3 

— CO — OCH3 

— CO — OCH3 

— CO — OCD3 

— CO — OCD, 


CD, 


CCI3 - (CH2)9 
CH3 - (CHjIg 
[CH3 — (CHj)^ 


— CCl. 

— CH„ 


CO — OCH3 
CO — OCH3 
CO — OCCI3] 


&ese compounds show only small differences from one another, 
pe ester group is characterized only by the weak C = O stretch- 
Raman emission in all cases comes predomi- 
of nine methylene groups as is indicated by 
the band identifications in Figure 12B. 

1 1 spectra of two other lipids are shown in Figures 

13 and 14. In comparing these with the infrared spectra it is 
interestii^ to observe the absence from the Raman spectrum of 
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Figure 12 



Figure 13 


the broad band between 3100 and 2800 cm.'^ associated with the 
hydrogen bonded carboxylic acid dimer group. Because of this, 
the olefinic C - H stretching band of oleic acid near 3020 cm.“^ 
is seen much more prominently in the Raman than in the infrared 
spectrum. The displacement of the C = O stretching band of the 
carboxylic acid dimer from 1707 cm.-’^ in the infrared spectrum 
to 1656 cm.-i in the Raman spectrum is well known and was 
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rigure 15 

1^0several years ago by Davies and Sutherland [ill Gen- 
drnit ®tf®^;chingfrequencies of esters andketones 

ance is maHp^w^ icantly inRaman and infrared spectra if allow- 

stretchina: band ‘ Prominence of the C s c 

Sd ^ spectrum of stearolic 

acid IS notable, particularly when it is considered that we were 
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unable to detect this in the infrared spectrum at path lengths up 
to 2 mm. of the liquid acid. This will not surprise molecular 
spectroscopists but it is significant from the point of view of 
organic structural analysis. The only indication of the presence 
of the acetylenic liiikage to be observed in the infrared spectrum 
of stearolic acid is the weak band (*) at 1335 cm.’^ which Mannion 
and Wang have shown to be associated with a methylene waggii^ 
vibration in the -CH 2 -C s C- linkage [12]. The intense Raman 
band associated with the - C = C - group therefore has consider¬ 
able diagnostic value and was used for this purpose by Pfau, 
Pictet, Plattner and Suss as long ago as 1935 [13]. 

THE RAMAN AND INFRARED SPECTRA OF STEROIDS 
BETWEEN 1350 AND 650 

Before concluding I would like to deal in more detail with 
some comparative observations we have been making recently 
on the Raman and infrared spectra of steroids in the "finger¬ 
print region." Substitution can occur at all positions in the 
steroid molecule, but we are concerned today only with substi¬ 
tution in one or both of the two end rings. The four infrared 
spectra shown in Figure 15 have been used before to illustrate 
the specificity of these i^ectra and these compounds differ only 
in the stereochemistry at one ring jimctionand the attachment of 
thehydroxyl group. Attempts to relate the bands in these spectra 
to known group frequency vibrations in simpler molecules have 
been singularly unsuccessful except for the most prominent band 
associated with the alcohol group [14-16]. 

By a purely empirical comparison of the spectra of numerous 
steroids it is possible to identify the greater part of this infra¬ 
red band structure with sets of bands associated with the presence 
of a particiilar functional group in a terminal rii^ of specified 
stereochemistry [17-19]. We have assumed that these bands in¬ 
volve normal modes of vibration in which the hetero-atom of the 
functional group and the skeletal structure in its immediate en¬ 
vironment participate predominently. These bands can be rep¬ 
resented by diagrams which we call zone patterns [20,21] and by 
a linear combination of the zone patterns for different terminal 
ring systems, the infrared spectra of steroids substituted in both 
terminal rings can be simulated in good approximation, as is 
shown in Figures 16-18. 

This behavior can be rationalized in terms of the band in¬ 
tensities. Throughout the 1350-650 cm."^ range the infrared 
absorption intensity of steroid hydrocarbons is much weaker 
thanthatof the oxygenated derivatives (Figure 19). Inthealicyclic 
steroid hydrocarbon the charge distribution is fairly even over 
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Figure 16 



WAVE NUMBER (cm-') 

Figure 17 
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Figure 18 


C - H bonds and the normal vibrations that predominantly involve 
motions of the atoms in this part of the molecule will intensify. 

We are now beginnix^ to accumulate a sufficient number of 
steroid Raman spectra to make similar comparisons, and it is 
not surprising to find that the emerging patterns of structure- 
spectra correlations differ radically from those seen in the in¬ 
frared spectra. In Figure 20 the Raman spectrum of a steroid 
hydrocarbon is compared with corresponding spectra for a 
steroid alcohol and ketone, all measured in carbon disulfide so¬ 
lution. Here there is no pronounced enhancement of the overall 
band intensity on introduction of the functional group, such as we 
see for the infrared spectra in Figure 19. In Figure 21 Raman 
spectra are shown for several steroids of the 5|3 stereochemical 
series. It is not difficult to recognize a set of six bands that 
appear to be common to all the spectra. These we can tentatively 
associate with skeletal vibrations that predominantly involve the 
central part of the cyclic system and are therefore relatively 
undisturbed by substitution in the terminal rir^s. An analogous, 
but significantly different, set of bands can be discerned in the 
Raman spectra of the 5o!-steroids which differ in the sterochem- 
istry at the junction of the left hand ring. 
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Our next step in this analysis is to re-examine the infrared 
spectra in regard to the information gained from the Raman 
spectra. Figure 22 is the infrared spectrum of a 17-ketosteroid 
of the 50-series. The bands identified with the functional group 
are indicated by the lines drawn down from the top of the figure 
i^ile the lines drawn up from the bottom indicate the positions 
of the Raman bands. It will be seen that while there are several 
coincidences, a good number of the prominent Raman bands cor¬ 
respond with weak infrared bands that are not specific to the 
functional group structure. 

In our attempts to characterize bands in steroid infrared 
spectra we have also made use of selective deuteration, and this 



Figure 22 


lus been particularly effective when applied to ketones, where 
toe hydrogen atoms on vicinal methylene groups are replaced by 
deuterium on enolization [22,23]. 

In Fi^e 23 we have summarized the total information we 
ave acquired about the infrared spectrum of a representative 

by a combination of deuterium 
zone analysis and Raman spec- 
, seen that most of the bands can be associated 

1 Jn 0^ other of these methods with specific units of the mo- 
^at where toe evidence from two methods 
consistent. In the lowest panel of Figure 23 the 
residual absorption is indicated. With one ex- 
weak bands and inflections. Notable 

^3!? , % • We chose etio- 

cholan-3, 17-dione forthis illustration since prominent bands of 
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this kind are unusual and it does indicate that functional groups 
at remote positions can induce strong perturbations of the mo¬ 
lecular vibrations of steroid molecules, though our general con¬ 
clusion is that this effect is much less extensive than one might 
anticipate. The recognition of strong anomalous infrared bands 
such as this 1017 cm.'^ band of etiocholan-3, 17-dione may have 
some bearing on the problem of the^Tong range” chemical effects 
that have been investigated extensively by Prof. Barton and his 
collaborators [24] and attributed by them to the transmission of 
conformational strain through the ring system. These spectro¬ 
scopic observations suggest a new way for the systematic investi¬ 
gation of the physical basis of such long range chemical effects. 

I should emphasize that, in the present state of our knowledge, 
we. do not feel there is justification for making vibrational as¬ 
signments to any of these bands. If we can successfully pull 
apart the iirfrared and Raman spectra of some of these complex 
molecules in this fashion, we are satisfied, for the time being, to 
accept this as an end in itself. We are working only by guess and 
intuition. We have no real way of telling if bands at similar posi¬ 
tions, with comparable intensities in the spectra of a series of 
related compounds are, in fact, associated with related normal 
modes of vibration- If our guesses prove correct three times 
out of four, I would consider that an acceptable batting average. 
Only if the patterns prove to hold consistently over a continu¬ 
ously increasing body of data can we feel confident of their physi¬ 
cal significance and justifiably press the analysis further. 

CONCLUSION 


This seems to have brought us a long way from our original 
concern with the measurement of Raman spectra. In the present 
state of that art, I think the most profitable use the organic 
chemist can make of Raman spectrometry is to learn more about 
the behavior of the inf rared group frequency vibrations. For this 
purpose he can select compounds that are in good supply and 
purify them rigidly. In the immediate future this is likely to be 
more profitable than the direct application of Raman j^ectrometry 
to the analysis of naturally occurring organic compounds and 
eir egradation products. The more interesting new compounds 
oDtained from natural sources are rarely available in sufficiently 
large quantities for Raman spectrometry, even using these im- 
proved semi-micro methods. Because of the problems presented 
by fluorescmg impurities, solubility limitations, and refractive 
in ex res actions, the measurement of each Raman spectrum 
poses a miniature research problem of its own. We have not yet 
found a general method of preparing steroid samples for Raman 
compoimds respond to vacuum sublimation, 
multiple recrystallizationfrom a suitable solvent, while 
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still others must be converted to a derivative and reconverted 
back after purification. We find many recalcitrant compounds 
that fail to respond to any kind of purification treatment we have 
so far managed to devise. 

In spite of these difficulties, I am confident that the technical 
problems limitir^ the routine use of Raman spectrometry as a 
tool in organic structural analysis can be overcome if there is 
sufficient incentive to do so. The fluorescence problem could be 
greatly alleviated by using exciting radiation of longer wavelength. 
Dr. Lippincott, here at the University of Maryland, Dr. Stamm- 
reich, and others are already working with conventional emis¬ 
sion sources of red radiation, while ruby andneodjunium masers 
hold promise of a technical break-through in long wavelength 
Raman sources. More accurate intensity measurements and 
further reduction in the minimum sample size will be difficult to 
achieve as long as the capillary light-pipe source optics are 
employed. The total volume of the present capillary liquid cell 
is equivalent to that of a cube of 6 mm. face. If a means could be 
developed of generating the same total flux of Raman radiation 
in a cell of this geometry, multiple reflection from the lateral 
cell walls might be avoided, and with it, the critical intensity 
dependence on the refractive index of the medium. 

While awaiting these developments we believe there are 
many interesting things to be learned about the Raman ^ectra 
of complex molecules that can be tackled with the facilities at 
present available, and we look forward to having a lot of fun 
while doii^ it. 
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THE ORIGINS OF GROUP FREQUENCY SHIFTS. 
PART II THE INFLUENCE OF INDUCTIVE 
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INTRODUCTION 

A good deal of progress has been made in the past few years 
in our understanding of group frequencies. Studies have of 
course been limited to those vibrations which are least sensi¬ 
tive to mass or. coupling effects, but this is not a serious limi¬ 
tation as these are the most reliable and widely used correla¬ 
tions. The behaviour of such group frequencies with changes in 
the substituents have been explained in terms of the impact of 
inductive and resonance effects, together in a few cases with 
"field effects" between non-bonded atoms. The evidence for this 
rests upon the large number of successful correlations which 
have been found between the changes infrequency and the changes 
in some other physical property which are known to depend upon 
these same factors. Thus group frequency shifts have been re¬ 
lated to changes in Hammett u [1-19] and Taft cr* [20-23]values, 
to ionisation potentials [24, 25], to electronegativities [20,26-29], 
to half wave potentials [30-31], to redox potentials [32-34], to 
the exaltations of molecular refraction [20] and other similar 
properties. 

While the results appear to afford a generally satisfactory 
picture of the behaviour of these group frequencies, a detailed 
study, particularly in relation to the impact of inductive effects, 
is more disquieting. It is to be expected that inductive effects 
operating along the bonds will depend only upon the relative 
electron attracting properties of the substituents. A constant 
and reproducible order of effectiveness of the various substituents 
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should therefore be found in all instances. This is very 
far from the case. Some group frequencies such as z^OH in 
CH 2 RCOOH[ 20 ], 1 /NO 2 as in RCH2N02[23]and i^SiH in SiRaH [22] 
follow Taft a* values (F > Cl > Br > CCI 3 > OR > CH 3 ), but 
others such as z^P = O [27] and z/S = O [28] are reported to follow 
an order more nearly related to the electronegativities (F > OR > 
NR 2 =C 1 > Br > CH 3 ). The sym. deformation frequencies of 
CH 3 X compounds follow yet another order (F > OR > NR 2 > 
CH 3 > Cl > Br), which is the same as that of the XH vibrations 
themselves [35, 36]. The contrast between the methyl and silyl 
series is particularly striking as both have the same hybridisa¬ 
tion and the same valence state. Finally, the frequencies of the 
CH 2 deformation of vinyl and vinylidene compounds [ 37 ] follows 
the remarkable order CF 3 > SiR o > CHoCl > CH-, OR > CH , > 
Br > Cl > F > OR. 

In multiple bond systems the confusion is even worse. Car¬ 
bonyl frequencies have been correlated with electronegativities 
[26], with Taft cr* values [21] and with ionisation potentials [25] 
despite the internal differences of these separate measures of 
the inductive effect. Moreover, Overend and Scherer [38] have 
shown that a significant part of the frequency shifts must be at¬ 
tributed to the effects of mass and of non-bonded interactions. 
The differences in vCO in COF 2 and COCI 2 for example are 
stated to arise wholly in this way. 

A detailed study of the various correlations between fre¬ 
quencies and physical properties shows that the majority of 
them at least are experimentally sound. The question therefore 
arises, why does the ^^inductive effect” of a given group, in re¬ 
lation to that of another vary so widely in different situations? 
This is of course a problem of general chemistry, but it is of 
particular importance to the spectroscopist if he is ever to 
achieve a proper understanding of the behaviour of group fre¬ 
quencies. A review of the existing data (details below) indicates 
that (a) correlations between frequency shifts and physical prop¬ 
erties appear to work best when the comparison involves some 
experimental measurement of the bond polarity (i.e., proton ac¬ 
ceptance, ionisation potential reactivity, etc.). Correlations 
with generalised functions such as electronegativity are less 
sound, (b) The substituent groups do show a uniform order of 
effectiveness (that of Taft cr* values) provided the study is 
limited to groups well removed from the vibrating group under 
examination. The alteration of a substituent directly attached 
to either of the vibrating atoms usually changes this order. This 
last observation is particularly suggestive when it is recalled 
that the Taft a* values are themselves determined only as groups 
well removed from the COOR group which undergoes hydrolysis. 
These observations therefore lead to the idea that the Taft a* 
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order represents the true incidence of inductive effects operat¬ 
ing along the bonds, and that deviations occur due to non-bonded 
interactions when the substituent is brought nearer in space to 
the vibrating group. Unfortunately the only measure we have at 
present of such interactions is through normal coordinate calcu¬ 
lations using the Urey-Bradley Force Field. This has well rec¬ 
ognised limitations, not the least of which is the failure to dis¬ 
criminate between the different repulsive effects which will 
arise between bonding and non-bonding electrons. Nevertheless 
whatever its deficiencies in yielding absolute values for the 
magnitude of non-bonded interaction, it is at least likely to pro¬ 
vide relative values which have some validity. The non-bonded 
interactions assessed in this way are assumed to originate in 
van der Waals forces. However the fact that the values so ob¬ 
tained frequently relate to the electronegativities of the atoms 
concerned suggests that coulombic forces are also involved. In 
the following review the incidence of inductive effects upon 
group frequencies is considered in the light of the results of 
Urey-Bradley calculations to see how far this concept is able to 
rationalise the otherwise chaotic data. 

GROUP FREQUENCIES INVOLVING MOTIONS 
OF HYDROGEN ATOMS 


XH Stretching Frequencies 


These will be considered briefly as they have some rele¬ 
vance to the discussion of CH^X frequencies which follows. It 
has been suggested that the force constants k^x depend only 
upon the polarity of X and that they might therefore be used to 
provide an electronegativity scale [24], However while the force 
constants for the radicles do appear to be related to Pauling 
electronegativities, the corresponding relationships for the 
normal valence states are more limited. It can be shown that 
linear relationships exist between k and E (Electronegativity) 
within any one row or any one period of the periodic table but 
there is,no overall relationship [39]. 

E will be the major factor in determining k because it is a 
function of the radius and polarity of X, and k will primarily 
depend upon the bond length and on the polarity (which influences 
the bond strength by causing changes in the electron distribution). 
This is very well illustrated in the simple plot in Figure 1 in 
which knx is plotted against N, the residual nuclear charge, the 
k values being taken from the useful compilation of Cottrell [42]. 
Within the first row of the periodic system a good straight line 
results which passes as it should, through the origin (feffeH = O)- 
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Within this row the covalent radius changes only slowly com¬ 
pared with the changes in N. However a new line of different 
slope is produced by the second row of the table as major change 
in the bond length is now involved. 



The frequency is therefore determined by two variables— 
the polarity and the radius—neither of which is wholly independ¬ 
ent of the other. The polarity (E) is a function of the effective 
nuclear charge of X and of the distance away (r) that this is 
from the H atom. However, when, as here, the X atom is part 
of the vibrating bond the radius plays a direct part in determin¬ 
ing the frequency as it fixes the approximate bond length. This 
in turn is somewhat modified by the effect of the polarity. 

The result is that h is not a simple function of the polarity E 
but is related to it, as mentioned above only within any one row 
or any one column of the periodic table. In the simplest terms, 
the C-H stretching frequency is higher than HCl because the 
bond is shorter, even though the latter is more polar. 
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CH3X Sym Deformation Frequencies 

These frequencies have been studied by several workers. 
Sheppard [35] has shown that like k HX they show relationships 
with E which are valid within any one row or period of the peri¬ 
odic system, and Wilmshurst [29, 40] has developed a series of 
group electronegativities based on these values. These however 
do not seem to be well related to other measures of the induc¬ 
tive effect, the CH 2 CI group for example having a higher elec¬ 
tronegativity than chlorine itself. A similar difficulty arises if 
one attempts to extend the electronegativity relationships sug¬ 
gested by King and Crawford [60]. A direct relation has also 
been described between HX and the frequencies of each of the 
five CH 3 modes of the CH 3 X series [36]. This relation is par¬ 
ticularly good for the 6 CH 3 symmetrical mode which shows the 
largest shifts but is less effective for i^CH which is less sensi¬ 
tive to changes in X and in which the frequencies sometimes 
follow a different order. The relation between kJ^x and 6 CH 3 X 
has been extended and is shown in Figure 2. The values for k 
are taken from [42] and of 5 CH 3 X from [35]. The curvature 
found is to be expected from a plot of force constants against 
frequencies. 

The relationship is a good one and shows that like k„x, 
these frequencies must depend upon the polarity of X, its dis¬ 
tance from the CH3 group and upon angle effects due to altera¬ 
tions in the valence state. It also indicates that the 6CH3 vibra¬ 
tion is relatively free from mass effects which would otherwise 
invalidate this relation. This is also implied by the findings of 
King and Crawford [60]. The dependence of the CH3 deforma¬ 
tion frequency on the C-X bond length is surprising, as X does 
not now form part of the vibrating group and inductive effects 
operating through the bonds would therefore be expected to re¬ 
late only to the polarity of X at its normal covalent distance 
(i.e., to the electronegativity). The fact that there is such a de¬ 
pendence is nevertheless very clear from Figure 3 in which 
6CH3X is plotted against the value of v C-X given in [53]. The 
C-X radius changes little along any one row of the periodic 
table and the frequencies rise with the effective nuclear charge. 
A change of radius following a change of row however leads to 
substantial alteration in 6CH3. 

Although the C-X distance is unlikely to be an important 
factor in inductive effects relayed along the bond it will influ¬ 
ence the magnitude of non-bonded interactions between the hy¬ 
drogen and X atoms particularly in the deformation mode when 
all three hydrogen atoms move simultaneously towards X. 
Overend and Scherer [41] have attempted to calculate the mag¬ 
nitude of these interactions using the Urey-Bradley Force Field. 
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Figure 2 


On passing from methyl, fluoride to methyl iodide, the CH force 
constant changes from 4.372 md/A to 4.851 md/A, but the non- 
bonded interaction constants change from 1.118 md/A to 
0.393 md/A. 

Whatever the absolute validity of these values they do show 
that the non-bonded interactions in this series are considerable. 
It is therefore reasonable to suggest that the 6 CH 3 X frequencies 
depend upon a combination of inductive effects arid of non-bonded 
interactions. If this is so, the parallel behaviour with HX fre¬ 
quencies shown in Figure 2 follows at once, as these also de¬ 
pend upon the radius and charge of X and upon the valency state. 
More important, it explains also the marked differences in be¬ 
haviour of the methyl and silyl group frequencies. Parallel cal¬ 
culations by Overend and Scherer [54] show that the non-bonded 
interactions are smaller in the silyl halides, as is to be expected 
from the large size of the silicon atoms. These frequencies 
should therefore be mainly dependent upon inductive effects op¬ 
erating along the bonds. The observation that SiHR 3 stretching 
frequencies follow good Taft a* relationship [22] whereas the 
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Figure 3 

corresponding CH stretching frequencies behave erratically is 
therefore understandable on this basis. Similarly the relation¬ 
ship found by Hyde et al. [59] between i^SiH and the log of the 
equilibrium constant for the hydrolysis of the corresponding 
chlorosilanes is to be expected if both are controlled only by 
normal inductive effects. Some minor support for the import¬ 
ance of non-bonded interactions on CH 3 X deformation frequen¬ 
cies is also given by our observation that an excellent straight 
line relationship exists between Overend and Scherer's F^x 
CH 3 X systems and the corresponding HX force constants (Fig 4). 

The Vinyl and Vinylidene CHj Wagging Mode 

This band appears in olefines as a very characteristic 
strong absorption near 900 cm-^ and has been studied by sev¬ 
eral workers. Some years ago it was shown that the frequency 
followed a reasonably good relation with E for simple substitu¬ 
ents [ 20 ], although a more recent assignment for the vinyl ethers 
would now throw oxygen out of line. However, as noted above, 
groups such as CHj Cl alter the frequency in the opposite direc¬ 
tion to halogen substitution, and no simple correlation with E 
can be obtained. Potts and Nyquist [37] have published exten¬ 
sive data on this frequency, and have attempted to relate it to 
the resonance characteristics of the R groups through relations 
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with either the percentage of meta isomer produced on the nitra¬ 
tion of CgHsR or with a complex function involving the differ¬ 
ence between Hammett para a values and Roberts and Morelands 
o' factor. However neither of these correlations is wholly con¬ 
vincing. 

It seems inherently improbable that resonance effects will 
affect this frequency if only because the fully conjugated systems 
1:3 butadiene and styrene show the same frequency as propylene, 
and resonance interactions through lone pair orbitals are likely 
to have smaller effects than a full double bond. Similarly, ac¬ 
tive groups in the meta or para positions of styrene have only 
very small effects on this frequency. Equally however the data 
suggests that direct inductive effects operating through the 
change of hybridisation of the carbon atom carrying the sub¬ 
stituent are not likely to have much effect either. This can be 
seen from a comparison of the 6 CH 2 frequencies of exocyclic 
methylene groups attached to rings of various sizes. Here, 
there are substantial changes in the hybridisation of the ring 
carbon atom with alterations in the bond angles. Despite this, 
the 5CH 2 frequencies show little change. This is illustrated by 
the following values taken from cards in the D.M.S. series. 
Camphene 885 cm-i, pinene 884 cm~i, 1:2 dimethylene cyclo- 
pentane 881 cm-i, 1:3 dimethylene cyclobutane 880 cm-^ 1:2 
dimethylene cyclobutane 887 cm-^, methylene cyclopropane 892 
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cm-i. These are to be compared with the range 885-890 cm-^ 
given by Potts and Nyquist for alkyl substituted vinylidene com¬ 
pounds. The differences are small and may well be due to the 
fact that the measurements were made in various laboratories. 

It therefore seems possible that this is an exceptional group 
frequency which is primarily controlled by non-bonded interac¬ 
tions between the R group and the carbon atom of the CHj. The 
interactions with the hydrogen atoms are likely to be small with 
simple substituents, as the distances are greater, and the F 
values will fall off in exponential fashion following at least a 
sixth power law. In order to test this suggestion it is necessary 
to have some measure of the non-bonded interaction forces 
which can be related to the frequencies. Unfortunately in many 
atom systems such as the vinylidene compounds, Urey-Bradley 
Force Field treatment yield poor values for the non-bonded Frc 
interactions and the few examples which are available show 
considerable dispersions. However the same considerations do 
not apply to the four atom systems RiR 2 C= 0 , for which a num¬ 
ber of refined Frq values are available [38]. The geometry of 
the carbonyl and vinylidene systems is so very similar that it is 
reasonable to suppose that the various R substituents will show 
the same relative order of non-bonded interaction with the car¬ 
bon atom, even though there will be differences in their absolute 
magnitudes in the two cases. 

We have therefore compared the variation in SCHj with the 
sum of the F^q values for the same substituents in the carbonyl 
series. The result is shown in Figure 5 and is surprisingly 
good. The failure to pass through the points corresponding to 
R=H (ethylene) or R=SiH 3 (F=0) is to be expected from the 
fact that Fjjq values are used and not Fr^- However the close 
similarity of the frequencies of ethylene and of the SiHaRa sub¬ 
stituted compound fits in well with this picture as the non-bonded 
interaction can be assumed to be very small in both cases, due 
to the small charge in the hydrogen atom and to the large radius 
of silicon. This therefore, rather than the reduced electronega¬ 
tivity of silicon is responsible for the raised frequency over the 
value for alkenes. 

Figure 5 offers also interesting possibilities for use in 
normal coordinate treatments. It does show that whatever their 
absolute validity, the F values of Overend and Scherer for the 
carbonyl series have a real internal consistency. If the pro¬ 
gramming of the computer could be arranged to select values 
showing the same order of internal consistency in the vinylidene 
series, it might be possible to reduce some of the errors which 
arise from the multiplicity of interaction terms. 

While the figure suggests that non-bonded interactions are 
indeed responsible for the greater part at least of the frequency 
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Figure 5 

shifts, it does not immediately explain the low frequencies shown 
by oxygenated substituents or the high frequencies shown by 
CH2CI groups. In the absence of F values, it is not possible 
to decide the origin of these effects with any certainty. However 
it seems likely that in the case of oxygen, resonance effects are 
indirectly responsible. While these are unlikely to affect the 
frequency through delocalisation effects they will lead to an in¬ 
crease in the effective charge on the oxygen atom which could 
result in an Fqc value greater than that of fluorine. This is sup¬ 
ported bythefact thatwhenthe resonance is reduced by the pres¬ 
ence of a carbonyl group, as in vinyl esters {vide their high car¬ 
bonyl frequencies) the frequencies fall to a value which is 
consistent with the electronegativity of oxygen, and which is inter¬ 
mediate between the values for fluorine and chlorine substituents. 

In the case of substituents such as CF3 or CCI3 it is clear 
that one halogen atom now comes nearer in space to a hydrogen 
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atom of the =CH 2 group than itdoestothe corresponding carbon. 
The interaction will therefore be dominant and as the effect of 
this will be to close down the HCH angle—as in the case of the 
methyl halides, it is possible to see why it is that these electro¬ 
negative substituents actually lead to a frequency rise. The 
case of substituents such as CH 2 CI are complicated by the pos¬ 
sibility of rotational isomerism and must await further study. 
If however it should prove that the stable isomer is one in which 
the chlorine atom is brought close to the =CH 2 group—i.e., if they 
are similar to the corresponding carbonyl compounds [43-45]— 
then the Interpretation of the frequency rise again becomes pos¬ 
sible. In this connection it is interesting to note that a differ¬ 
ence of some 14 cm-i is found between the equatorial and axial 
isomers of substituted methylene cyclohexanes with OR groups 
in the 2 position [55]. These differences could only arise from 
differences in non-bonded interactions of the same type. How¬ 
ever this possibility (which would allow a complete explanation 
of the remarkable order in which substituents influence this 
group frequency) must await further experimental evaluation. 


Hydrogenic Frequencies following Hammett cr and 
Taft cr* Relationships 

The CH deformation frequencies discussed above represent 
extreme cases in which non-bonded interaction effects are 
particularly important. In compounds in which the polar sub¬ 
stituent is well removed from the vibrating group, the opposite 
will be true and only inductive forces will be effective. This is 
clearly so in the many aromatic systems in which relationships 
have been demonstrated between group frequencies [1-19] or 
intensities [10, 13, 16, 46-48] and the Hammett values of meta 
and para substituents. Here the frequencies reflect accurately 
the polarity change resulting from the resonance and inductive 
effects of the substituents and a statistical study of the exten¬ 
sive data available would probably yield o values of greater re¬ 
liability than those derived originally from kinetic data. In the 
aliphatic series, this is true also for those frequencies which 
follow a relationship with Taft cr* values [20-33, 49], Although 
Taft values are quoted [50] for the effects of directly attached 
substituents, these are obtained by the use of a scaling factor 
and the basic measurements are made with R substituents at 
the 0! or jS carbon atom attached to the COOR group. (The value 
for a fluorine substituent is for example derived from studies 
on CHjFCOOR, and the acid FCOOH does not exist.) Non- 
bonded interactions are therefore likely to be minimised in this 
series. 
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The observed relationship between Taft a* values in acids 
and the vOE monomeric frequencies in solution [20] therefore 
arise because the reaction rates and the frequencies are both 
controlled by genuine inductive forces. The differences noted 
earlier in the behaviour of CH 3 X and SiHX 3 frequencies are 
also understandable on this basis. 

GROUP FREQUENCIES INVOLVING MULTIPLE BONDS 
The Carbonyl Group 

This frequency is of course influenced by resonance effects 
as well as by induction. However even when the former is absent 
we have the conflicting relationships already referred to. A de¬ 
tailed study of the relationships between -vC-O and electro¬ 
negativity [26], or Taft o* values [21], shows that both are based 
on a limited range of compounds and that neither is valid when 
this range is extended. The former for example is based only 
on halogen substituents and assigns effective electronegativities 
to groups such as CH 2 CI which we now know to influence the 
frequency primarily through '’field effects." The Taft relation¬ 
ship fails in other cases as Thompson [15] has pointed out and 
for example, predicts a value for i^C=0 in acetone in the vapour 
phase, of 1690 cm-i. On the other hand there are a number of 
relationships between uC=^0 and various measures of the po¬ 
larity of the carbonyl bond which are clearly experimentally 
valid. These include the numerous Hammett a type relation¬ 
ships and those with such properties as the ionisation potential 
of the carbonyl group and with its polarity as measured by sol¬ 
vent shift studies [25], These findings must be reconciled with 
those of Overend [38], that inductive and resonance effects alone 
are not sufficient to account for the observed frequency changes. 

The chemist has always assumed that the polarity changes 
in the carbonyl group, which are measured by these various 
physical properties are produced by effects operating along the 
bonds. If it is now accepted that they arise from a combination 
of inductive forces and of non-bonded interactions, the paral¬ 
lelism of the physical properties with the observed frequencies 
follows immediately and the discrepancy between these relation¬ 
ships and Overend and Scherer's findings [38] largely vanishes. 

The field effects described earlier between carbonyl groups 
and halogen [45, 56] or oxygen [57] atoms on the a carbon atom 
can now be seen to be just another example of the impact of 
non-bonded interactions, and the fact that they are operative 
only in conformations in which the polar group is near in space 
to the carbonyl oxygen, is clear evidence that this is so. Once 
it is accepted that the chlorine atom in chloroacetone can give 
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rise to a frequency shift of 25 cm-i due to non-bonded interac¬ 
tions, it is clear that similar effects must operate in say phos¬ 
gene in which the chlorine-oxygen distances are slightly less. 

Table 1 summarises some typical CO and SO frequencies 
for compounds with the same substituents. It will be seen that 
whereas the SO frequencies behave in a reasonably stepwise 
fashion with the introduction of chlorine or oxygen atoms, the 
CO frequencies do not. Thus on going from acetyl chloride to 
phosgene, I'CO is raised only 6 cm-i whereas on going from 
acetone to acetyl chloride the rise is about 80 cm-i. Similarly 
on going from acetyl chloride to the chloro formate the frequency 


Table 1 


Substituents 

Q 

0 

1 / SO 

CH3 X CH3 

1740 cm- ‘ 

1050 cm 

CH 3 X Cl 

1821 

1150 

Cl X Cl 

1827 

1231 

CH3X OR 

1750 

1130 

Cl xOR 

1780 

1213 


actually falls, whereas in the sulphoxide series it rises in the 
way one would expect. These differences would now be explained 
in terms of the fact that the carbon atom is small so that the 
X... 0 and X... X distances will be short and non-bonded inter¬ 
actions will occur, whereas the sulphur atom is large and these 
effects will be minimised. 

This interpretation involves the assumption that interac¬ 
tions between X... X atoms as well as between X... O will play 
a part in the frequency shift, and there is evidence that this is 
so from the study of the rotational isomers of chlorinated acetyl 
chlorides reported by Bellamy and Williams [58]. Thus chloro- 
acetyl chloride shows two carbonyl frequencies. That due to the 
form in which the chlorine is cis with respect to the carbonyl 
group is 14 cm-i higher than in acetyl chloride. That due to the 
gauche form is however not the same as in acetyl chloride (as 
is the case with gauche chloroacetone) but is 23 cm-^ lower. 
This effect follows through the rest of the series. Dichloro- 
acetyl chloride shows one band at the same point as acetyl chlo¬ 
ride (one is chloride and one gauche) and one at 1790 cm~^, 
which is 31 cm-^ less; this must be due to the gauche/gauche 
configuration. Finally in trichloro acetyl chloride the frequency 
of 186 cm-^ is distinctly lower than that of the parent molecule. 
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These results do suggest very strongly that there are interac¬ 
tions between the chlorine atoms when they are sufficiently near 
to each other and that these interactions alter the polarity of the 
substituents, and so the frequencies. 

A second possibility is to investigate any polarity changes 
produced by field effects through solvent studies. Table 2 lists 
a number of compounds in which interactions through field 


Table 2 



CO X (CCI4) 

NH Pyrrole 

CH3COOC2H5 

1745 

3404 

CClgCOOCjHs 

1773 

3450 

CF3COOC2H5 

1791 

3460 

CH2CH2Br X COOC2H5 

1747 

3419 

C2H5COOC2H5 

1743 

3401 

CCI3CHO 

1771 

3444 

CH3CHO 

1734 

3419 

CeHsCOCl 

1781 

3460 

Ox Clx C6H4COCI 

1794 

3462 


effects have been demonstrated. We have measured the NH 
stretching frequency of pyrrole when dissolved in small amounts 
in each of these compounds. The results are shown in Table 2, 
along with the carbonyl frequencies in carbon tetrachloride 
alone. It will be seen that in all these cases in which a frequency 
rise occurs in vCO due to a field effect the corresponding po¬ 
larity is diminished and I'N-H rises to a higher value than was 
found in the unchlorinated compound. This series therefore 
provides evidence that non-bonded interactions do produce real 
changes in polarity. 

The suggestion that such interactions occur more commonly 
than has been previously supposed and that, in particular they 
occur between two atoms each bonded to the same carbonyl 
group, is therefore not unreasonable. This concept then allows 
us to understand the differences in the behaviour of t'CO and vSO, 
and to reconcile the findings of Overend and Scherer with the 
observed fact that carbonyl frequency shifts do relate well to 
physical properties which measure the polarity of the carbonyl 
bond. 

The as x NOj Stretching Vibration 

It has recently been shown that -C(R)2N02 compounds af¬ 
ford asN 02 stretching frequencies which are directly related to 
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the Taft ct* values [23] of the R substituents. The experimental 
data is considerable and there is no reason to question its valid¬ 
ity. However any attempt to extend this relation to the more 
general series RNOj is found to fail. Thus the effect of a single 
chlorine atom directly attached to the nitro group is very much 
greater than that of the CCI 3 group although the Taft values 
would indicate only a small further rise. These results are in 
line with the general concepts outlined above. When attached to 
a carbon atom the polar substituents influence the frequency 
primarily by inductive effects, as the R... O distances are large 
and the non-bonded interactions will be small. However when 
the substituents are directly attached to the nitrogen atom, non- 
bonded effects are also brought into play and the relation with 
the Taft values loses its validity. 

vV = 0 , P'SOa, etc. 

The phosphoryl frequencies have been shown to follow a 
generalised relationship with the electronegativities of the sub¬ 
stituents [27], but the value for OR substituents for example 
needs to be lowered below the Pauling value to bring the results 
into line. The as x SO 2 and the fS = 0 frequencies behave simi¬ 
larly [28, 51, 52] and although the frequencies follow the same 
general trends they cannot be related directly either to each 
other or to the P = O frequency. 

It seems likely that in view of the relatively large size of 
the phosphorus and sulphur atoms, the frequencies will be con¬ 
trolled largely by true inductive effects. The observation that 
in both cases OR substituents are less effective than chlorine 
substituents in raising the frequencies is in line with this and 
suggests that the true order of effectiveness of substituents is 
that of Taft a* (OR < Cl) rather than the closely related but not 
identical electronegativity scale. However, the possibility of an 
effect due to non-bonded interactions cannot be wholly excluded 
and will depend upon the geometrical arrangement. Thus, while 
in phosphates the O... O interactions are likely to be small it 
is nevertheless possible that there will be an interaction be¬ 
tween the phosphoryl oxygen and the substituent on the other 
side of the oxygen atom provided the OR group has a cis con¬ 
formation. The observation that triphenyl phosphate shows ro¬ 
tational isomerism and exhibits two P = O frequencies is in line 
with this possibility. 

These frequencies will therefore generally follow Taft a* 
values but will show deviations from this in special cases. 

CONCLUSIONS 

It is suggested that the "inductive" effect of a polar group 
upon a given linkage should now be regarded as a composite of 
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true induction effects working along the bonds and of non-bonded 
interactions working across intramolecular space. As both of 
these alter the polarity of the linkage, and so its vibrational 
frequency, this does not in any way invalidate the many valuable 
correlations which relate frequency shifts to changes in physi¬ 
cal properties brought about by "induction" effects. 

This picture does however enable us to see why it is that 
substituents show such wide differences in their "inductive" ef¬ 
fects in different environments. When the substituent is so far 
removed from the vibrating group that the non-bonded interac¬ 
tions are eliminated, a common order of effectiveness (that of 
Taft a* values) is found, as the frequencies then depend upon the 
true inductive effects. In situations in which the non-bonded in¬ 
teractions predominate, a second order of effectiveness will be 
found which is more closely related to the Pauling electronega¬ 
tivities. In most cases however the frequency will depend upon 
both effects and the substituents will behave in a way that is 
unique to that particular system and which depends in part upon 
the molecular geometry and steric form. 

These suggestions are admittedly speculative but they do 
have the merit of bringing some measure of unity to a mass of 
experimental data which is otherwise wholly confusing and con¬ 
tradictory. They are put forward at this stage in the hope that 
they will stimulate further work on these problems which are of 
real importance to organic chemists who use group frequencies. 
It might be also that some advances could be made by using the 
deviations from Taft a* relationships as a direct relative meas¬ 
ure of the non-bonding interactions themselves, the results 
being fed back into Urey-Bradley type calculations to see how 
far some refinement of these could be achieved. 
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Effects of substituents on the spectra and reactivity of organic 
molecules has been a subject of extensive investigation for the 
past few years. Several quantitative and semi-quantitative cor¬ 
relations of the spectra of organic molecules with structural 
parameters have been reported in the literature. In this article 
we shall only concern ourselves with the correlations of the 
electrical effects of substituents in related series of organic 
molecules. The term "electrical effect" includes the inductive, 
mesomeric and field effects. All of these influence the electron 
density or bond order. The most successfxiland useful empirical 
correlations of the spectra of organic molecules are those with 
the substituent constants. 

The substituent constants, a, were first evaluated by Ham¬ 
mett [l] who observed that a particular group in p- or m-posi- 
tion in a benzene ring exerts a constant effect on the reactivity of 
the compound, depending on its inductive and resonance contri¬ 
butions. The substituent constant of a group measures its ability 
to change the electron density at the reaction center. The sub¬ 
stituent constants have been employed to correlate the kinetic 
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of Science. 

Joint contribution from the Department of Organic Chemistry and the 
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Md equilibrium data in related series of organic molecules [ 2 ]. 
A set of reliable values of Hammett a constants has been 
compiled recently by McDaniel and Brown [3] based on the thermo¬ 
dynamic dissociation constants of benzoic acids. In recentyears 
several other substituent constants have been proposed for use 
in different types of svstems: a+in electrophilic reactions of 
benzenoid derivatives [4,5], cr* in aliphatic systems [ 6 ] and a“ 
for electron-withdrawing groups in substituted anilines and 
phenols [2J. The a constants mainly represent inductive effects 
of^substituents in aliphatic systems. The substituent constants a, 
a , and a include both induction and resonance terms and are 
applicable in benzonoid systems. The inductive term remains the 
same in these three constants and only the resonance parameter 
varies. The a, and constants can be separated into induc¬ 
tive and resonance parameters of groups [ 6 ]. Thus, the Hammett 
^VBlxxe is equal to cr^ + or. The various substituent constants 
have been recently reviewed by Rao [ 7 ]. Although the various 
substituent constants were devised to correlate the structure of 
organic molecules with their chemical reactivity, many physical 
properties of the molecules may also be correlated with these 
constants. Such empirical or semi-empirical relations give a 
better insight into the structure and behaviour of organic mole¬ 
cules particularly when the chemist cannot yet disentangle the 
various structural factors into finer and more fundamental con¬ 
tributions. 

CORRELATIONS OF SUBSTITUENT EFFECTS ON THE 
INFRARED SPECTRA OF ORGANIC MOLECULES 

Considerable interest has been exhibited in recent years in 
correlating the infrared group frequencies^and band intensities 
1 j groups of organic molecules witli substituent constants 
L«“ldj and both the group frequency and band intensity have been 
found to give linear relations (Figures 1 and 2 ). While the fre¬ 
quency is mainly determined by the bond force constants, the 

dipole derivatives with respect to bond 
length, (o/x/6 r.j). Change of substituent group may affect the 
force constants, static dipole moments, or {dii/dr::), through 
inductive or (and) resonance effects. It is interesting to note that 
the dipole moments of substituted benzene derivatives linearly 
correlate with the substituent constants [l4,15]. Substituent 
groups generally affect both the frequency and the intensity, 
though not always in the same direction. Sometimes, the fre¬ 
quency shift is very small and the change in band intensity is 
large or mce versa. It is therefore important to correlate the 
frequencies ^d intensities of groups with substituent constants 
to understand the mechanism(s) involved. Although there have 
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Figure 2. Correlationsof integrated band intensities of benzonitriles (a); and 
apparent molecular extinction coefficients ofanisoles (b)with the cr+substit- 
uent constants. 

been several reports of such correlations with substituent con¬ 
stants in the literature, there has been no systematic evaluation 
of these correlations. A statistical evaluation [2] of these cor¬ 
relations of group frequencies and band intensities of aliphatic 
and benzene derivatives has been carried out by Rao and 
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Venkataraghavan [l6] in order to test the validity and utility of 
the correlations. Such an evaluation is justified by the high 
precision and accuracy of the recent infrared data on related 
groups of organic molecules used in these correlations. The re- 
s ts of the least sqimre treatment have been given in terms of 
e correlation coefficient, r, standard deviation, s, and the num¬ 
ber of points employed, n. 

Infrared Group Frequencies 

ar.,1 * relation of the infrared group frequencies in meta- 

and pora-disubstituted benzene derivatives with the Hammett a 
constants LIj has been suggested by several workers [8-13]. The 
relation may be expressed by a Hammett-type equation, 

^ = I'o + pa 

observed group frequency in the meta- or para- 
benzene, is the group frequency in the mono- 
derivative, and a and p have their usual significance 
1-' [8] have expressed doubt about the 

v,o!^ ^ linear plots of against a having much significance and 

have considered the possibility of plotting versus a. A linear 

frequencies in meta- and pcrc-substi- 
tuted ber^ene derivatives has also been proposed [17] with the 
electrophilic substituent constants o''■[4,5] 

i' = i>*+ p+ (j+ 

statistical treatment of the correlation of the 
group frequencies of 18 sets of meta- and par«-substi- 
derivatives with the a and a constants gave an 

Whilefh/. 3.3 cm-i with both the coLtants, 

while the correlation coefficients are 0.938 and 0.924 respectively 

L'^Souenr. u substituent constants correlate 

b^cIus^S^! completely unexpected, 

1 ^ ""'^^ation^ frequencies being associated with me- 

bvSn preference be- 

statistical pvai ^ Table 1, some of the results of the 

statistical evalimtion with a constants have been summarized. 

deriTmtiv^rjS^Jh^^®^^^ the infrared frequencies in aliphatic 
(FigSe 1^ ^ "" constants of Taft [6] has been proposed 

V = v*+ p* a* 

Jvailablf^a^a evaluation of the correlation of the 

T^h/p? Th ^ constants have been summarized in 

Table2. The average standard deviation is rather high (14 Icm-i) 

compared to the value of 3 cm- in the case of beSene LrTva- 



Correlation of Infrared Group Frequencies in p- andm-Substituted 
Benzene Derivatives with o Constants 
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values ("dual" values) were used for some of the electron-withdrawing groups. 
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Infrared Band Intensities 

Several possible correlations of infrared band intensities in 
meta- and substituted benzene derivatives with crand 
constants have been suggested [8,9,13,17]. The best correlation 
IS probably between the logarithm of the vibrational band inten¬ 
sities log A and the substituent constants. Thompson and co¬ 
workers L8,12j have correlated log A with Hammett a constants: 

log A = log Ao + per 

A similar linear relation has been suggested with the a "^con¬ 
stants [13,17]. 

log A = log Ao+ 

A statistical evaluation of the correlations of log A with cr and cr'*' 
constants seemsto indicate that u"''constants are probably better 
suited for Ihe correlations (Figure 2). In some cases like benzo- 
nitriles and anilines, the correlations with constants are far 
sy^perior. Such a preference to a"*" constants is understandable, 
since band intensities are related to electrical properties of 
bonds. Excellent linear correlations have also been found be¬ 
tween the logarithms of molar extinction coefficients, log e, and 
0 " constats in the case of C-O-C stretching vibrations of 
anisoles [18] and NH stretching over-tones of anilines [19] (Fig- 
ure 2)_. In Table 3 are given the results of the statistical evalua- 
ion of log A- G relation for a few benzene derivatives. 

. . basis of a molecular orbital model of infrared band 

intensities Brown [20] has recently si^gested that the substituent 
constants should be linearly related to the square roots of the 
infrared absorption intensities in substituted benzene deriva- 
ives. A statistical evaluation of the linear relations of A^'^^ with 
CT and a constants shows that the A^^^ _ correlations are as 
good as the log A_ ct correlations. The average standard devi¬ 
ation and correlation coefficient of A^^^ _ a-"correlations for 

benzene derivatives are found to be 0.081 and 
0.957 respectively. 

The infrared band intensities in aliphatic derivatives mav 
be correlated with a * constants: 


log A = log AS + p* a* 

correlation coefficients are 
very sSlSacto^ respectively and are therefore not 
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Generalizations 

In the correlations of band intensities, there is a systematic 
variation of the sign of p with the nature of the bond involved A 
negative slope of the log A_ a, log A_ or log A o* plot is 
always found when the bond or the group involved is ele^tron- 

“ carbonyl derivatives and nitriles. A 

tron group involved is elec- 

tron-donaling in character. The magnitude of p.seems to vary 

dn^n+T° 1 extent to which the groups can withdraw or 

donate electrons. The slope of the log A. S or log A. a" plot 

So^r^The'^se increasing electron-withdrawing power of the 

generalizations maybe clearly seen from Table 4 
The greater sensitivity of the NHj symmetric stretchine band 

intenSS mav compared to the asymmetril band 

S fhydridization changes 

at the mtrogen atom during the vibrations [2ll. 


Table 4 


Generalizations Regarding the Correlation of Infrared Spectra of 
_Organic Molecules with Substituent Constants 


Series 

Frequency 

Group 

Para --or of 
the Group 

log 

A-<r 

P 

log 
A-v + 

P 

Anilines 

^NH(asym) 

-NH 2 

-0.66 

0.166 

0.130 

Anilines 

*^NH(sym) 

-NH 2 

-0.66 

0.355 

0.273 

Phenols 

^OH 

”OH 

-0.37 

0.137 

0.106 

Ethylbenzoates ® 

O 

II 

u 

:a 

-COOC 2 H 5 

0.45 

-0.08 

-0.055 

Nitriles^^ 

III 

o 

-CN 

0.66 

-0.26 

-0.509 


loff ^ A- a, log A- or 

f ^ electrical property of the bond or group is 

Snb2 -rband intensity is itself dependenton (5/f/6r^.) 

SensSr Th^ftToH ^ 

the elect^n wfth?rt intensity in phenols increases with 

increasing electron-donating ability 

resonance forms in aromatic <?ve!to«f prominent 

prominent resonance structures in^hen example, the most 
be ...a. .nee tKe JpT. 
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both cases [18]. The most prominent resonance structure oi the 
organic isothiocyanates has been proposed to be I, II or III. 




m 


This proposal may now be supported by the band intensity meas¬ 
urements of Caldow and Thompson[22] in para- and mete-substi¬ 
tuted phenyl isothiocyanates. The -NCS band intensity increases 
with the electron-withdrawing power of the substituents. Based 
on the reactivity of substituted phenyl isothiocyanates it has been 
shown that in is probably the most prominent resonance struc¬ 
ture. The rate of addition of alcohols to the isothiocyanates in¬ 
creases with increasing electron-withdrawing power of the para- 
substituent, R, similar to the infrared band intensities [23]. 

In the correlation of group frequencies with substituent con¬ 
stants there appears to be no definite relation between the sign 
and magnitude of p and the nature of the bond or group involved 
in the vibration. However, a closer examination reveals that in 
the case of simple bonds such as OH, CO and CN, that the direc¬ 
tion of the V - a correlation is always opposite to that of the 
intensity correlation (Table 5). The opposite signs of the slopes 
can be understood in terms of the prominent resonance forms in 
these cases. Thus, electron-withdrawing substituents which 
enhance the intensity of the OH band in phenols should neces¬ 
sarily render the OH bond weaker and therefore lower the OH 




=C=N 


frequency. In the case of benzonitriles, electron-donating sub¬ 
stituents, that favor nitrile band intensity lower the bond order 
and hence the frequency. 

An obvious application of these different linear relations 
would be in the estimation of substituent constants of groups. 
The frequency correlation would be more useful for this purpose 
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Table 5 

Relation Between the Frequency and Intensity Correlations 


Series 

Frequency 

1/ ^ a 

P 

log A - 0 - 

P 

Phenols 

OH 

-13.4 

0.137 

Ethylbenzoates 

O 

II 

O 

14.9 

-0.080 

Benzonxtriles 

CsN 

7.4 

-0.787 


because frequencies can be measured very easily with high pre¬ 
cision and accuracy. The measurement of band intensities is 
rather tedious. One could, however, make use of extinction co¬ 
efficient data to a certain extent. K one were to employ the fre¬ 
quency correlations for estimating the substituent constant for a 
group, one has to determine the characteristic frequency of a 
functional group in the unsubstituted and substituted derivatives 
and then c^culate the substituent constant by makitig use of the 
tables (employing the same solvent). One 
should choose a functional group which has the most structure- 
sensitive frequency. Carbonyl stretching vibration is probably 
est for the purpose. In the case of dicarbonyl compounds where 
at least one carbonyl group is associated with a benzene ring, 
assignments have been made on the basis of - cr correlations [24]. 

C=S STRETCHING FREQUENCY AND THE "-N-C=S BANDS" 


yi'equencies ranging from 850 to 1550 cmr^ have been at¬ 
tributed to the C=S stretching frequency in the literature and 
^1 adequate correlation of the literature 

data L39J. A careful examination of the data reveals that the as- 
sipiments of very high or low frequencies are always in the 
nitrogen-containing thiocarbonyl compounda Ittherefore becomes 
necessary to distinguish two groups of thiocarbonyl derivatives: 
the first group, where the thiocarbonyl group is linked to atoms 
such as carton, sulfur, oxygen and chlorine and the second group 
where the thiocarbonyl group is linked to one or two nitrogen 
atoms. An unambiguous assignment of the C=S stretching fre¬ 
quency seems to be possible only when the C=S group is attached 
to atoms other than nitrogen, 

°f**^®^”^^a.red spectra of thiocarbonyl deriva- 
vP t literature data has been carried out by Rao 

have also been made in 

harLen^mmH^^®’ frequency in thiofenchone 

has beenfound around 1180cm-i which is in fair agreementwith 
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the value calculated for thioformaldehyde [4l]. In the case of 
thiocarbonyl derivatives where the C=S group is linked to ele¬ 
ments other than nitrogen, the stretching frequency is generally 
found in the region 1025-1225 cm"^. No simple correlation of 
the C=S stretching frequency with electro-negativities of the 
atoms directly linked to the group is apparent. In substituted 
phenyl thiocarbonyl derivatives [42,43] the C=S stretching fre¬ 
quency does not show any simple relationship with the Hammett 
cr or constants [16]. The thiocarbonyl group is not at all 
similar to the carbonyl group with regard to bond polarity and 
electrical effects of substituents [44]. The insensitivity of the 
thiocarbonyl stretching frequency to electrical effects is further 
confirmed by the fact that the calculated frequency of 1120 ± 40 
cm “Hor thioformaldehyde is not very different from the observed 
frequency of 1140 cm-i for thiophosgene [4l] and 1180 cm“^ for 
thiofenchone. Strong vibrational coupling is operative in the case 
of the nitrogen containing thiocarbonyl derivative s and three bands 
seem to consistently appear in the regions 1395-1570 cm"^, 
1260-1420 cm"^ and 940-1140 cm“^ due to mixed vibrations. 
These bands which may be tentatively designated as the "-N-C=S 

I, II and in bands” could be useful in qualitative analysis. The 
vibrational coupling effects evidenced in these nitrogen deriva¬ 
tives are similar to those found in amides [45]. 

SUBSTITUENT EFFECTS AND FERMI RESONANCE 

Deuteration technique may be successfully employed to es¬ 
tablish Fermi resonance between two vibrations if at least one 
of them involves the motion of a hydrogen. Typical cases where 
the deuteration technique has been employed are in cyclopenta- 
none and in the 3090 cm-i band of secondary amides [47, 48]. 
The study of Fermi resonance by this technique is possible since 
deuteration shifts the hydrogenic vibration due to mass effects. 

Recently, the anomalous splittings of the carbonyl bands of 
benzoyl chloride have been studied by Rao and Venkatarag- 
haven [49 ] and the effects have been attributed to Fermi resonance. 
In this study the electronegativity of the substituents has been 
varied in order to alter the magnitude of the vibrational inter¬ 
action between the C=0 stretching and thePh-C stretchir^ over¬ 
tone. Electron-withdrawing groups decrease the magnitude of this 
interaction considerably and in the case of 3,5-dinitrobenzoyl chlo¬ 
ride only a single carbonyl band is observed. The relevant bands 
of a few substituted benzoyl chlorides are shown in Figure 3. 

Examination of the spectra of dialkyl dixanthogens has shown 
that the splittings of the C-0 and C=S stretching bands vary with 
the alkyl group. The combination band of C-S and S-S stretching 
frequencies seems to interact with the C-O stretching. The de- 
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pendence of the splittings of the C-O and C=S bands on alkyl 
substitution is in opposite directions. This is probably be¬ 
cause the substituents which increase the C-S bond order will 
decrease the S-S bond order. It is also possible that substituents 
may affect the C-O frequency differently compared to the C=S 
frequency. 

The splitting of the asymmetric stretching band of the azido 
group in substitirted phenyl azides seems to depend on substitu- 
lon. The splitting appears to be due to the Fermi resonance 
between the asymmetric stretching frequency of the azido group 





Figure 3. Infrared spectra of benzoyl chlorides in the carbonyl 
stretching and in the 1000-850 cm~^ region. 

(a) 3,5-dinitro benzoyl chloride 

(b) benzoyl chloride 

(c) 4-methoxy benzoyl chloride 


Q—skeletal frequencies of the benzene 
.j-—effects seem to be present in substituted phenyl 
?n systems are presently being investigate^! 


EFFECTS ON THE 

MOLECUL^^ absorption SPECTRA OF ORGANIC 


nn thP correlations of the effect of substituents 

been renoSTJn molecules have 

tiiP^ffp?t 2 ^ i.^-! ^i^'f^ature [50]. In all such correlations, 
e effect of a substituent on the absorption of a chromophore is 
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generally expressed in terms of the -wavelength-shift (batho- 
chromic or hypsochromic). Particular mention must be made 
of the correlations of Woodward [51] for diene s and a /3 -unsaturated 
ketones. Although several theoretical calculations have been 
carried out on the electronic absorption spectra of organic 
molecules, there have not been any quantitative relations between 
the absorption maxima and the properties of substituents, in re¬ 
lated series of organic molecules. In this article, correlations 
of the electronic absorption spectra of related series of organic 
molecules with the substituent constants will be discussed. 
Although such correlations may not be as satisfactory as in the 
case of infrared spectra, it is possible to obtain interestii^ in¬ 
formation regardii^the mechanism of absorption and the nature 
of interaction of substituent groups. We have subjected various 
correlations of the ultraviolet absorption maxima with the sub¬ 
stituent constants to the least square treatment. Such a statistical 
evaluation is justified by the reliability and precision of the data 
employed. 


Benzenoid Derivatives 


The effect of substitution on benzenoid absorption has been 
treated by the use of quantum mechanics by Sklar[52]and Matsen 
and coworkers [53]. Platt [54] has deduced spectroscopic moments 
which have been employed to correlate and predict intensity 
changes and wavelength shifts in a large number of benzene 
derivatives. Doub and Vandenbelt[55] have studied the absorption 
spectra of several mono- and di-substituted benzene derivatives 
and have correlated the position of the absorption maximum of 
the 200 mju band (Aig Biu "Primary" band) of benzene, with 
the electrical properties of substituents. The results clearly 
show the importance of resonance interaction in determining the 
wavelei^th-shifts due to substitution. Goodman and Shull [56] 
have summarized the empirical regularities in the ultraviolet 
absorption spectra of substituted benzenes. The correlations of 
the positions of the absorption maxima in mono substituted and 
para-disubstituted benzenes with the Hammett reactivity con¬ 
stants and resonance parameters of the substituents were pro¬ 
posed by Rao [57,58]. The limitations and the applicability of 
these correlations could not be determined because of the lack 
of reliable data. In recent years, Forbes and coworkers [59-69] 
have published data on the ultraviolet absorption spectra of sev¬ 
eral series of disubstituted benzenes. We have now carried out 
the statistical evaluation of the various linear correlations of the 
^mox of the "primary" band (corresponding to the 200 mp. band of 
benzene) of para- and mete-disubstituted benzene derivatives 
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With the substituent constants and resonance parameters. The 
linear relations are of the form 

X = Ao + CTj p i 

where A is the absorption maximum of the "primary" band in m/i 
of the substituted derivative, Aothe intercept, the substituent 
constant employed for the correlation and the slope of the line. 
The resxilts of the least square treatment of the linear correla¬ 
tions are expressed in terms of the correlation coefficient r, 
standard deviation, s and the number of points employed in the 
correlation, n. 

The results of the statistical evaluation of the correlations 
of para- and meto-disubstituted benzene derivatives with a and 
cr substituent constants and of the para-derivatives alone with 
the cr and cr constants and with the Or and or resonance param¬ 
eters have been summarized in Table 6. It can be seen that for 
para- and meicz-disubstituted benzenes. 



where X is the invariant group in a series and R is the meta- or 
para-substituent, the correlation coefficients with a'*' values are 

ave > 0-85) than those with cr values (r , 
0.78), when X is a strongly electron-withdrawing group as in 
mtrobenzenes or acetophenones. In the series of benzene deriv¬ 
atives where X is strongly electron-donating in nature, the cor¬ 
relations are better (r^^^, 0.68) with the combination of cr and 
cr constants than with and a constants , 0.57). This 
kind of dependence of the type of substituent constants to be em¬ 
ployed on the nature of X is understandable. When X is strongly 
electron-withdrawing as in the case of nitrobenzenes or aceto¬ 
phenones, the absorption process will be akin to electrophilic 
reactions and the constants for the electron-donatiiK groups 
more suitable. Similarly, ct~ constants of electron- 
withdrawing groups should better describe the substituent ef- 
tects whenXis strongly electron-donating. The correlations are 
particularly poor when the invariant groups interact weakly as 
toluenes (r, 0.51), or fluorobenzenes (r, 0.47). 

the deviations, correlations were car- 
riedout forthe para derivatives alone and they are also notverv 
satisfactory (Table 6). However, they show small improvements 
m correlation coefficients when cr^ constants are used for the 



Correlations of Ultraviolet Absorption Spectra of p- and m- Disubstituted Benzenes 
with the o and Substituent Constants and Resonance Parameters 

para and m era-derivatives Only para-derivatives 
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series with an electron-withdrawing invariant group and when 
the combination of cr and ct constants is used for the series with 
an electron-donating invariant group. The use of resonance 
pararneters also show these preferences of substituent constants 
depending on the nature of the invariant group, but the correla- 
tions are, once again, not satisfactory. In general, it may be 
said that the correlations are poor with any set of substituent 
constants or with resonance parameters either for para- and 
weta-derivatives together or for ^«ra-derivatives alone, the 
correlation coefficients varying between 0.42 and 0.94 (Figure 4). 
These correlations (Table 6) are poor probably because the 
ma^itude of the interaction of the substituents with the benzene 
nucleus does not vary linearly with the substituent constants of 
groups, unless the two substituents possess opposite electrical 
properties. 

One would espect some correspondence between the of 
disubstituted benzenes and the electrical properties of substit¬ 
uents only when there is strong resonance interaction involving 




absorption maxima of para- and meta- 
disubstituted benzene derivatives with substituent constants. 







INFRARED AND ELECTRONIC ABSORPTION SPECTRA 521 



Figure 5. Correlation of the absorption maxima of pora-complimentarily 
disubstituted benzene derivatives with Hammetta constants. 


dipolar resonance structures. The results of the statistical 
evaluation of correlations for complimentarily disubstituted 
benzenes with the substituent constants and resonance param¬ 
eters are given in Table 7. The term complimentary disubstitu¬ 
tion necessarily means that the two substituents should have 
opposite signs for the substituent constants. The data for 
halogen-substituted derivatives were not included because of 
their anomalous behaviour. The halogen anomaly will be dis¬ 
cussed later in this paper. From the results in Table 7 it can 
be seen that the correlations are much improved. This is par¬ 
ticularly true when only the />ara-groups are included for the 
correlations and the correlation coefficients are very high (0.945 
to 1.0) (Figure 5). This is to be expected since dipolar resonance 
structures assume importance only in the para derivatives. Un¬ 
fortunately, for the correlations with complimentarily para- 
disubstituted benzene derivatives, the number of available points 
is very small and it would be very difficult to obtain any more 
points. The use of the cr^ parameters has been found to be un¬ 
satisfactory (r, 0.68-0.95), thus indicating the importance of the 
induction term in determining wavelength shifts due to substitu¬ 
tion. 

Encouraged by the success of substituent effect correlations 
with the complimentarily disubstituted benzenes, it was consid¬ 
ered interesting to attempt generalized correlations including 
the data for all these derivatives. Such correlations were car¬ 
ried out by plotting the against the difference of the a values 
(absolute value) of the two substituents. This may be expressed 
by the relation 





Correlations of the Ultraviolet Absorption Spectra of Complimentarily Disubstituted Benzenes 
with the Substituent Constants and Resonance Parameters* 
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*Data on halogen-substituted derivatives not included. 
tEt, Ethanol; E, Ether; C, Cyclohexane; Me, Methanol. 
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A = Ao + 1 a' - a"| p 

where a and a" are the substituent constants of the two para- or 
meto-substituents. In these correlations, combinations of a and 
and a and ff" constants have both been tried. That is, if the a 
constants are used for electron-withdrawing groups, constants 

are used for electron-donating groups. Similarly, If o constants 
are used for electron-donating groups, <t“ constants are used for 
electron-withdrawing groups. The results of the statistical eval¬ 
uation show that the a a~ combination is much better than the o a'*' 
combination (Table 8). The highest correlation coefficient ob¬ 
tained is only 0.86 which is not completely disheartening com¬ 
pared to the results obtained with the different series of disub- 
stituted benzenes (Table 6). 


Table 8 


Generalized Correlations of the Ultraviolet Absorption Spectra of 
Complimentarly Disubstituted Benzene Derivatives(a) 



Correlation 

^0 

P 

r 

s 

n 

a 

, or(pf m) 

209.6 

56.4 

0.779 

23.0 

19 

a 

, (p, m) 

202,0 

68.4 

0.857 

19.0 

19 

a 

, (p) 

182.3 

76.5 

0.759 

23.0 

12 

a 

, (p) 

177.6 

85.7 

0.815 

20.0 

12 

a 

, (T + (p) with halogens 

179.3 

72.1 

0.780 

22.0 

29 

a 

, a- (p) with halogens 

174.2 

80.9 

0.932 

12.0 

30 

a 

, ff+ (p) with halogens 
and alkyl groups 

190.5 

65.5 

0.756 

21.0 

38 

a 

, <t“ (p) with halogens 
and alkyl groups 

175.1 

78.9 

0.929 

11.0 

39 


(a)All the data in ethanol. 


The Halogen Anomaly 

The absorption maxima of para-halogen substituted benzene 
derivatives are in the order I > Br s Cl > F (Figure 6) [65-68J. 
This is exactly in the reverse order to the normally accepted 
trend of the resonance parameters of the halogens, F > Cl > Br 
>1. Schubert and coworkers [71] have studied the 200 mp band 
in para-halonitrobenzenes, -acetophenones, -phenols, -anisoles 
and -anilines in different solvents and have interpreted the re¬ 
sults in terms of the polarizability of the halogen substituent ^d 
the solvent orientation and solvent polarization effects. Baliah 
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and Uma [72] have pointed out the importance of the expansion of 
valency shells of chlorine, bromine and iodine in determining the 
^max- We have obtained the para-o^nd values for the four 
halogens by interpolation using the data for para- complimentarily 


290 


270 


o 250 
E 


230 


210 


Nitrobenzenes 
Acetophenones 
Benzoic acids 
Anilines 
Anisoles 


o 1 


X 3 

• 4 


Figure 6. Absorption maxima of a few series of poro-halogen 
substitutod benzen© d6rivativ6s. 

disubstituted nitrobenzenes, acetophenones and benzoic acids. 

halogens have been obtained 
/>ara-complimentarily disubstituted anilines 

s^mari^n'- ^ ^7«^ag®/alues of these derived constants are 
s^marized in Table 9. It is interesting to note that the signs 

nronertv^of th constants depend on the electrical 

the mvariant group X. They are all negative when X 

Thli “‘tpositivewhenXis electron-donating. 

benzen^^PriW^^ halogen substituents in disubstituted 
dpulin electron-donating or -accepting 

The maenitudp^^ th the other ^ora-substituent. 

+i,a * ^S^tude of the electron-donating or -accepting ability of 
the /lara-halogen substituents vary in the order I > Br > Cl > F 
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Table 9 

Values of Substituent Constants (a, a+,er-) for Halogens Derived 
from the Correlations of Ultraviolet Absorption Spectra 
of/>-Complimentarily Disubstituted Benzenes 



F 

Cl 

Br 

I 

X, Electron withdrawing: 

Interpolated a (average) 
Interpolated cr*^(average) 

-0.05 

-0.15 

-0.11 

-0.25 

-0.14 

-0.33 

-0.25 

-0.56 

X, Electron donating: 

Interpolated a (average) 

Interpolated ““(average) 

+0.03 

+0.05 

+0.11 

+0.19 

+0.11 

+0.19 

+0.15 

+0.26 


When X is an electron-withdrawing group, the Aa values (a derived 
- a Hammett) are negative indicating that a term involving elec¬ 
tron donation has to be added to the Hammett a value. The same 
is true of the a'*' values. When X is an electron-donating group, 
the Act values are still negative, but smaller in magnitude to 
those found when X is electron-withdrawing. It is possible that 
the polarizabilities of C-halogen bonds and the participation of 
inner orbitals are both responsible for the observed effects. The 
resonance picture involving inner-orbital participation, however, 
seems to be more important. The extent of electron-donation by 
halogens through resonance interaction should be greater when 
the other para-substituent, X, is electron-withdrawing than when 
itis electron-donating in nature. This is exactly what is observed. 
These results clearly show that the values of the para-halogen 
substituent constants normally used with kinetic or equilibrium 
data are not satisfactory to explain the observed trends in 
electronic absorption spectra and that it is necessary to add an 
additional term involving electron donation to the Hammett ct 
values. 

By using the derived cr, a*' and ct~ constants of para-halogens, 
the generalized correlations of para-complimentarily disubsti¬ 
tuted benzenes (n = 30) were found to be considerably improved, 
the correlation coefficient with the combination of para- ct and ct" 
values being 0.93 (Table 8). 

Alkyl Groups 

The effect of alkyl substituents on the electronic absorption 
spectra of benzene derivatives has been a subject of some con¬ 
troversy. Schubert and coworkers [73] have discussed the ab- 
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sorption spectra of parc-alkyl substituted-nitrobenzenes and 
-acetophenones in terms of steric hindrance to solvation. They 
point out that hyperconjugation may not be an important mode of 
electron release in these derivatives. We have derived the a and 
CT"^ values for the methyl, ethyl, i-propyl and t-butyl groups mak¬ 
ing use of the correlations of ^ar< 2 -complimentarilydi substituted 
nitrobenzenes and acetophenones (Table 7 and Figure 3) employ¬ 
ing the data of Schubert, et al. The results in Table 10 clearly 
show that the derived values are quite close to the normally ac¬ 
cepted values of the substituent constants for these groups. 

Table 10 


Values of Substituent Constants a, a + for Alkyl Groups Derived 
from the Correlations of Ultraviolet Absorption Data 
ofSubstituted Nitrobenzenes and Acetophenones 



CH 3 

C 2 H 5 

i-C 3 H 7 

t- C 4 H 9 

Interpolated a (average) 

-0.107 

- 0.111 

- 0.112 

- 0.112 

^cr = a (average) - 
a (Hammett) 

+0.063 

+0.040 

+0.039 

+0.085 

Interpolated a + (average) 

-0.280 

-0.289 

-0.291 

-0.290 

Act =or+ (average) - 
CT+ (Brown.) 

+0.031 

+0.006 

-0.011 

-0.034 


Generalizations 

d^.iz {n = 39) on /><2ra“Complimentarily disub- 

and alkyl groups) 

nf n- of the X„ax With the combination 

a and CT constants of groups, the correlation coefficient is 
about 0.93, with a standard deviation of 11 m/x (Figure 7). This 
correlation is considered to be quite acceptable and it is heart- 
emr^ to find that substituent constants can satisfactorily corre- 
a e the electronic absorption spectra of benzene derivatives. 

An interesting feature is found tn the correlations with para- 

comphmentarilydisubstituted benzene derivatives (Table 7). Not 

only toe sign but also the magnitude of the slope, p, varies sys- 
tematicallywith the electrical property of the invariant group X. 

the data below. This trend is 
correlations of the infrared spectra 
(Tabl^f of organic molecules with substituent constants 
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Series 

Hanamett o Value 
of the Invariant 

9 


Group, X 


Nitrobenzene s 

0.78 

-159.4 

Acetophenones 

0.50 

-118.2 

Benzoic acids 

0.45 

-93.7 

Anisoles 

-0.27 

89.5 

Anilines 

-0.66 

109.9 



Figure 7. Generalized correlation of the absorption maxima of poro- 
complimentarilydisubstituted benzene derivatives with substituent constants. 



Figure 8. Relation between the P value and the substituent constant of the 
invariant group in poro - complimentarily disubstituted benzene derivatives. 


The p value is a measure of the sensitivity of the transition 
to change in electron density due to the substituents. The p is 
negative when the invariant group is electron-withdrawing and 
positive when it is electron-donating. The algebraic value of p 
increases with the increasing electron-donating ability of the 
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0 + P 

'“X 

Figure?. Plot of the nfrequency of ''f'e thiocarbonyl group 

against the sum of the electronegativities (e^ + ey) of the elements directly 
linked to the C=S group. 

SUBSTITUENT EFFECTS ON w tt* TRANSITIONS 
OF CHROMOPHORES 

Theposition of the n —> tt absorption band [50] of a carbonyl 
group is greatly affected by substitution. Substitution with 
auxochromic groups such as NHa, OH and halogens shift the 
n-^TT band to shorter wavelengths. This is because these groups 
donate electrons by resonance interaction and raise the energy 
of the excited state relative to the ground state [74]. In addition, 
toese groups withdraw electrons by inductive effect and lower 
e energy of toe ground state. Thus, both resonance and inductive 
interactions of auxochromes shift the n - vr* transition to higher 
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Although the n n* transitions of both carbonyl and thio- 
carbonyl groups were predicted around the same time [75], sys¬ 
tematic investigation of the electronic absorption spectra of 
the thiocarbonyl group has not been carried out till recently [76,77]. 
Thew IT* frequency of the thiocarbonyl group has been found 
to increase with the increasing electronegativity of the elements 
linked to the thiocarbonyl group Figure 9. To be more precise, 
the frequency increases with the increasing electron-donating 
ability (by resonance) of the elements, viz. N > O > S. This is 
similar to the observations of Nagakura [74] on the substituent 
effects on the n rr* frequency of the carbonyl group. 



Figure 10. (a) Plot of the n —> n- ‘transition frequencies (v) in aliphatic 
carbonyl derivatives against the polar substituent constants of Taft,2<T*, 
(b) Plot of {v - n^hj, - n.hc) against Eff *. The maximum limits of uncer¬ 
tainty on the frequencies nave been shown. 
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The effect of alkyl substituents on the n ir* transitions of 
the C=0, NO 2 and C=S groups have been investigated in detail 
[78-80]. The w tt* frequencies in the alkyl substituted deriv¬ 
atives are always in the Baker-Nathan order, CH 3 > C 2 HS > 
> ^-€ 4119 . This trend is maintained in solvents of vary¬ 
ing degree of polarity or/and proton-donating ability. It has been 
possible to quantitatively correlate the observed w —» xr* frequen¬ 
cies with the inductive and hyperconjugative contributions of the 
alkyl substituents. The expression of is of the form 

v' = + (Scr*) p * + n^ hj, + n^ h^ 

where u' is the observed w—> it* frequency in cm“^, and p* 
are constants, a is the Taft-aliphatic polar substituent constant, 
n^and nc are the number of a-hydrogens and carbons respectively 
available for C-H and C-C hyperconjugation and hh and he are 
the C'^H and C-C hyperconjugation constants respectively. Mere 
inductive effects and C-H hyperconjv^ation alone could not ex¬ 
plain the data quantitatively. However the expression above yields 
very satisfactory correlations. The correlation coefficients in 
the case of aliphatic carbonyl derivatives and nitro compounds 
are about 0.92 and 0.99 respectively (Figure 10). These studies 
provide clear evidence for the importance of hyperconjugation 
in the electronically excited states of molecules. The evidence 
is particularly convincing because (a) the molecules studied are 
aliphatic and no other type of resonance interaction can occur, 
(b) the infrared carbonyl and nitro group stretching frequencies 
in these molecules are proportional to Tait-aliphatic polar 
parameters of groups, thus indicating that hyperconjugation may 
be unimportant in the ground electronic states, (c) n-n* 
transitions are very sensitive to change in structure and solvent 
and(d) similar trends of the n —> tt* frequencies are found in sol¬ 
vents of varying degree of polarity or/and proton-donating ability. 

SUBSTITUENT EFFECTS ON SOLUTE-SOLVENT 
HYDROGEN BONDING: 

We have investigated the effects of various non-polar, polar 
and proton donor solvents on the n -n* transitions of C=0, C=S, 
NO 2 and N=N chromophores [81]. The shifts of the absorption 
maxima in non-polar and polar solvents can be satisfactorily 
related to the electrostatic interactions between the solute and 
solvent molecules, by the use of the theoretical expression 
derived by McRae [82]. Very large blue-shifts of the n ^ n* 
transitions are observed in proton donor solvents and the shifts 
are much greater in magnitude than expected on the basis of the 
solvent dielectric constants. These large shifts can only be due 
to hydrogen bonding between the solute and solvent molecules. 
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Wdeed, isobestic points are found in the n tt* band of ethyl- 
enetrithiocarbonate in alcohol-hydrocarbon and chloroform- 
hydrocarbon solvent systems indicating the existence of equilib¬ 
ria between the hydrogen bonded and free species of the solute. 

The n ^ T!* blue-shifts have been determined in a number of 
hydroxylic solvents in order to study the effect of substituents 
on the OH group, in determining the ability of alcohols to donate 
protons. Alcohols investigated are 2,2,2-trifluoroethanol, 
methanol, ethanol, i-propanol and f-butanol. The blue-shifts for 
all the chromophores in alcohols decreases in the above order 
Figure 11. The blue-shift in trifluoroethanol is very nearly equal 
to that in water for all the chromophores. The hydrogen bond 
energies for the different donor-acceptor systems have been 
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evaluated (i) assuming that the solvent blue- shift is entirely due 
to hydrogen bonding, and (ii) by subtracting the contribution due 
to the dielectric constant of the solvent from the observed blue- 
shift, by making use of the McRae-expression [8l]. Either way, 
the hydrogen bond energies for all the donor system studied de¬ 
crease in the order: water, trifluoroethanol, methanol, ethanol, 
i-propanol and if-butanol. It should however be pointed out that 
the hydrogen bond energies estimated by us may not represent 
me energy of one hydrogen bond. Since we are only interested 
in relative values, comparison of the values for a series of alco¬ 
hols willprobably be valid. The average hydrogen bond energies 
found for these different alcohols (ROH), are plotted against 
Taft’s a* constant of the alkyl group, R, in Figure 12a. The plot 
IS seen to be fairly linear. Apparently, the ability of alcohols to 
donate protons increases with the increasing electronegativity 
of the alkyl grot^). This trend is consistent with the concept of 
acidities of these alcohols. The proton-donating ability (acidity) 
decreases while going from trifluoroethanol to f-butanol. At the 
same time, it should be noted that the self-association of alcohols 
(basicity) increases in the same order [83,84]. Our conclusions 
based on the w —» tt* blue-slufts with regard to proton donating 
ability of alcohols are in agreement with the recent infrared 
studies of Becker [85], who finds that the equilibrium constant 
for the 1:1 complex formation decreases in the order; methanol, 
ethanol, i-propanol and ^-butanol. 

chromophores, the effect of 
different alkyl substituents (methyl, ethyl, i-propyl and ^^butyl) 
on the ^ TT solvent blue-shifts have been investigated. The 
therefore the hydrogen bond energies) with the 
different alcohols are found to decrease with the electron- 
withdrawing ability of the alkyl group (Figure 12b and c). This 
conclusion is further supported by the fact that benzophenone 
pyes higher hyc^ogen bond energies than acetone. According to 
this interpretation, trifluoro or perfluoroacetone should be a 
acceptor. It is indeed known that electron- 
mmdrawing groups are generally found to promote the hydration 
of the carbonyl group [86]. 

We have assumed that stabilization of the electronic ground 
^tes of molecules through hydrogen bonding is more prominent. 
This seems reasonable because, in w -* t* transitions, one elec- 
ron IS removed from the w-orbitaland the hydrogen bonded com¬ 
plex should be destabilized in the excited state. Accordingly an 
approximately linear relationship has been found between’the 
infrared frequencies reported by Bellamy and Rogasch [44] and 
our n TT data of ethylenetrithiocarbonate indifferent solvents. 

From these investigations, we conclude that electron- 
withdrawing groups render the chromophores better proton ac- 
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Figure 12. Correlations of n —blue“shifts and hydrogen bond energies 
with Taft -<7 * constants of the alkyl substituents, 
a: Average hydrogen bond energies of aliphatic ketones in differentalcohols, 
ROH^ versus Taft constant of R. 

b: Solvent blue-shifts in different alcohols of aliphatic nitrocompounds, 

RNO 2 , versus Taft constants of R. . . rr^ru 

c: Solvent blue-shifts in different alcohols of aliphatic ketones, RCOCH 3 , 
versus Taft a* constant R. 1, trifluoroethanol; 2, ethanol; 3, ]f~butanoL 
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ceptors and the alcohols, better proton donors. Interestii^ly 
enough, the extent of self-association of a good proton donor 
alcohol like trifluoroethanol, is relatively small [84]. 
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INTRODUCTION 

Perturbations of X-H stretching vibrations in hydrogen- 
bonded interactions have been used previously to determine the 
donor characteristics of functional groups in molecules, partic¬ 
ularly effectively in a wide range of compounds containing the 
carbonyl group [1]. It was found that these easily measured 
perturbations were related to the carbonyl frequency, with 
certain reservations [2], and the ionization potential, IP, of the 
carbonyl compound. The latter is a measure of the energy re¬ 
quired to remove one of the lone pair electrons from the oxygen 
atom, and should also be a measure of the availability of the lone 
pair electrons in hydrogen-bond formation or in donor-acceptor 
complex formation. The lattei: function, particularly with BF 3 
as the acceptor is considered in this paper. 

Some structural details of a few BF 3 donor-acceptor com¬ 
plexes have been reported, chiefly of amines [3-5], acetonitrile [ 6 ] 
and pyridine [7], table 1 showing some of these. The BF 3 mole¬ 
cule, originally planar in the gas phase, assumed a nearly tetra¬ 
hedral disposition in the solid complexes, three bonds being to 
the F atoms, the other to the donor atom in the organic molecule. 
Figure 1 shows how the stretching frequency of the BF bonds in 
the complex F 3 B. . .X varies with the BF and BX distances. The 
BXdistance in donor-acceptor complexes should bear an inverse 
proportionality to the strength of the interaction, which is a 
property fundamental to the discussion of donor-acceptor, or 
Lewis acid-base interactions. This property is usually measured 
thermochemically, and requires elaborate and painstaking proce¬ 
dures for its accurate determination. Other quantitative methods 
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Table 1 



Figure 1. Variation of i^Bpwith r^^ and rep. 


In viei S thP L?r are therefore valuable. 

Sid S between the BX and BF bond lengths, 

thP frequency, it was determined to measure 

BF comSS?, nT® ? complexes. Those of 

BF 3 complexes of carbonyl compounds are reported at this time 
since a wealth of experimental data onthe pure compounds e£Ss’ 
Some BF complexes of amines have been stu3?n a stSila; 
way and the results are similar to those for car^lcomSs" 
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RESULTS 

The bands assigned to the asymmetric stretching frequencies 
of the BF bond have been abstracted from the spectra and are 
shown in tables 1 and 2. Table 2 also includes the IP of the 
organic molecule, if known, or,in parentheses, an estimate from 
the known value of similar molecules. Figure 2 shows the spec¬ 
trum of a typical complex, that of the2,6-dimethyl-4-pyrone:BF3 
complex. Figures 3 and 4 show graphs of the IP plotted against 
the BF stretching frequencies. 

Table 2 


BF Stretching Frequencies for Some CarbonyhBFj Complexes 
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Figure 2. Infrared spectrum of the 2,6-dimethyl-4-pyrone:BF3 complex. 


DISCUSSION 

The assignments of gaseous BFg [8] are shown in table 3, and 
are therein related to those of the BFf anion [9], and a h3tpo- 
thetical model BF3 X which is similar to, but has higher sym¬ 
metry than the BF3 complexes with carbonyl compounds. An 
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example of this type is BF 3 CI”, and the assignments [10] for this 
ion are also shown. 

When the coordinating species is other than a monatomic 
anion or a linear molecule coordinated along the threefold axis, 
the point group for the complex becomes C^. The doubly de¬ 
generate vibrations of E species of the model should there¬ 
fore be split in the C ^ model, and the vibration under consider¬ 
ation, the asymmetric BF stretching mode, should have an A' 
and an A" component. In addition to this splitting there should 
also be a doubling of each absorption band due to a vibration in¬ 
volving movement of the B atom, because of the presence of the 
two isotopes ^°B and “B in the ratio 1:4. A high frequency 
satellite of each band should appear, of about one fourth the 
intensity and with a separation of about 30-50 cm-^. 

In several complexes it has been possible to observe the 
splitting of the BF asymmetric stretching vibration, though the 

1 A.' band could not be measured since it was probably ob- 

BF ' 

1 r a.s y 

scured by the bf > A" band. (It has not been possible experi¬ 
mentally to distinguish the species of the components in the BF 
asymmetric stretching vibration; the lower frequency has been 
arbitrarily assigned to the A' species.) In many complexes this 
splitting has not been observed; and the carbonyl compounds in 
these complexes were those having Cj,, symmetry,for example, 
symmetrical ketones and 4-pyrones. 

Table 3 
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The graphs in Figures 3 and 4 show the relationship between 

IP and t'jgp for the A' and A" species respectively. The trend 

to lower frequencies as the IP decreases is unmistakable, and 
affords support for the view advanced in the introduction that the 
frequencies can be a useful measure of the donor 
ability of the carbonyl compound in the complex, and also of the 

p^r^o^se^ use of the IP for the same 

I^irtlier information can however be derived from these 
P^^ticular from the data in Figure 3. The observation 

atSoh^d H atom 

prompted an explanation for those points 
which deviated from the curve. All these, in Figure 3 (with one 
exception in Fi^re 4) have substituents much bulkier’than an H 
atom. It IS believed that the curve denotes a true relationship 

between IP and ^ but because of bulky substituents some 

^rbonyl compounds prevent the closest approach of the bf, 
molecule to the extent governed by the IP. Hence r^v is larger 
an it should be, r^j, must therefore be smaller, and it follows 

1 , 11 OkS 

mat V gp would be larger than the value derived from the curve. 

Av curve in Figure 3 in terms of iw and 

tion" following generalisa- 

i<? mean deviations for compounds whose least bulky group 

IS lX10tilVl« Gthvl 3 tiH n-.nT*/^KiTrl In 


is meth^ ethyl and n-propyl are 19, 33 and 47 cm—, respec- 
ively. TOese figures call for some comment, for although indi¬ 
vidual values may show some scatter, particularly when Figire 4 
is considered too, the orders of magnitude seem acceptable 
fmettv^’ compounds whose least bulky substituentis 

r,pT -^7^ g^P’^Pj only restricted rotation about the CC bond is 
not grossly affect the hindrance to the BF, 

pSSbi? however, a variety of configurations 

are possible. In the gas phase an extended, zigzag, symmetrical 

ments [llj. in the liquid phase Jones and Noack (121 ree-ardprl 

soUdT»^rr,?.” “.J “ “ “““* eonSld 

d form could be either H, or less probably, I These latter 
views are quite in accord with the conclusion that since Av™ for 
toe 3-pentanone:BF3 complex is of the same order of magtatude 

group, a similar hindering agency 
IS present. Conformation H or IV would provide such if Scy 

LoSpS^ wMta^m between the terminal methyl 

rriet™“etug^r -tia.actorypr„v,ded the degree 
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la principle, all that has just been said of 3-peatanone should 
pertain to 4-heptanone. The magnitude of AVgj. for the 4- 
tieptanoneiBFa complex suggests however that the solid may con¬ 
tain the ketone in conformation 1 , the more symmetrical state 
t»eing dictated by packing considerations. 

Avef phenyl group is similar in size to that of the 

methyl group. This is understandable since it is known that in 
benzophenone derivatives the CO and Cg Hg groups are not 
coplanar, but that the rings are rotated out of this plane: the 
figures for this rotation are 38° and 24° for 4,4'-dimethoxybenzo- 
plienone [13], and 29° for 4,4'-diehlorobenzophenone [14]. Rough 
calculations and trials with molecular models reveal hindering 
agencies comparable in size to the methyl group. 

Efforts have been made to try to relate the spectroscopic 
values derived from the present results to some other independ- 
erxt measure of the strength of the interaction between BF 3 and 
carbonyl compounds. The literature is remarkably sparse, and 
■while some data exist for the thermochemically derived heats of 
formation of some BF 3 complexes of nitrogen bases [15], none 
was found for carbonyl compounds. 

Although these accurate data are lacking, the mere physical 
behaviour of the complexes on exposure to atmospheric moisture 
parallels the stability as defined by u-gp . The complexes with the 
esters, aldehydes,aliphatic and aromatic ketones are all hygro¬ 
scopic and fume in moist air. The complexes with carbonyl 
compounds having low IP, such as 2,6-dlmethyl-4-pyrone, N,N- 
dimethylformamide and N,N-dicyclohexylacetamide are much 
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more stable in moist air. A further example of such stability is 

the xanthone:BF- complex. The value of is 1130 cm‘^. 

No IP has been measured for xanthone so it was not included in 
table 2 or Figures 3 and 4. However, it belongs to the 4-pyrone 
species, but with two benzene groups fused to the 2,3 and 5,6 
bonds. The effect of these on the IP is unknown, but to a first 
approximation, because of increased conjugation, it would be 
lower than that of 2,6-dimethyl-4-pyrone. Even assuming the 
same value of IP as the pyrone, 8.36 ev, the calculated Vgp is 
1093 cm-1, which leads to a value of Ai/^jpof 37 cm-^, comparable 
to an ethyl group, which has a spatial arrangement very similar 
to that in xanthone. Too much weight must not be placed on this 
agreement however in view of the assumptions involved. 

A reasonable conclusion from the foregoing-is that the spec¬ 
troscopically determined value of seem to give a plausible, 
and self-consistent set of values of the strength of interaction: 
a strict comparison will have to wait till carefully determined 
energies of complex formation are available. The fact that the 
weaker complexes probably have appreciable vapour pressures 
may facilitate this task. 

Some preliminary, unpublished results from studies of BFj 
complexes with amines have shown that a similar correlation with 
IP is possible, though not with the same parametric relation as 
for carbonyl compounds. Little or no interference with complex 
formation has been observed for aliphatic amines having a hy¬ 
drogen atom on the carbon atom attached to the nitrogen atom. 
These are the analogues of aldehydes etc. in the carbonyl series. 
Tertiary butylamine, which has no such hydrogen atom is highly 
hindered, Avgp being about 66 cm-i. Simple models show that 
the terminal methyl group in the amine approaches the F atom 
much more closelythan, for example, the methyl group in a ketone 
due to the differences in the angles. 


EXPERIMENTAL 


iv/r recorded on a Perkin-Elmer 

Model221 prism-grating spectrometer. Emulsions of the solids 
in nnjol and fluorolube were used. 


The Compounds. Solutions of the compounds in an inert sol- 
Freon 113 were cooled by ice, or solid COj 
formed were filtered and 
Lrt thoTT ®P®ctral recording in a dry box, since for the most 
hihps y *^ysroscopic. Small portions were put into sealed 
tubes for melting point determination at the same time. 
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INTRODUCTION 

Infrared spectroscopy has been, acommontool of the chemist 
for the last f^teen years though up to about 1950 the infrared 
■was thought of as a very poor region optically and certainly in¬ 
ferior to the visible and near ultraviolet. By 1950, however, the 
basic needs with respect to instruments had been satisfied for 
those spectroscopists working with liquids and solids. On the 
other hand since the spectra of gases and particularly gases at 
low pressures consist of extremely sharp lines it is necessary 
to strive for very high resolution indeed, and high resolution 
infrared spectroscopy was in difficulties because of inadequate 
spectrometers. During the last decade there have been develop¬ 
ments both in instrumentation and in method and it is the purpose 
of this lecture to describe some of them. 

Today the near infrared region (1 to 5 ju) is in many respects 
a better region to work in than the visible. This has come about 
because of two great advances in instrumentation. 

The first is the development of photoconductive detectors [1]. 
Efforts during the second world war produced lead sulphide, 
lead telluride and lead selenide detectors. These are several 
orders of magnitude more sensitive than the thermal devices 
that were the only detectors in general use before the war. In 
addition to being sensitive these photoconductive detectors are 
fast and this has made possible the construction of very stable 
and compact electronic equipment for amplifying and recording 
their responses. 

The second advance is the development of improved diffrac¬ 
tion gratings. Manufacture of gratings has been the achievement 
almost solely of Americans and it is certainly not for a foreigner 
to lecture to an American audience on the history of the 
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development of gratings. Rowland, Wood, Strong at the Johns 
Hopkins University, Michelson and Gale at University of Chicago 
pa,ved the way [2]. In 1947 on the initiative of George Monk* 
Michelson's two great ruling engines were reactivated. One 
went toBausch and Lomb Inc. and the other to the Massachusetts 
Institute of Technology. At Bausch and Lomb, David Richardson 
has ruled nearly 800 gratings, some of them the excellent 8x5 
incli blazed plane gratings that have proved to be so good for the 
near infrared. Replica techniques have been perfected. Produc¬ 
tion of these gratings continues and according to Richardson the 
B & L - Michelson engine is steadily improving with age. 
t second Michelson engine at the Massachusetts Institute 
of Technology under the direction of G.R. Harrison is producing 
ou standing rulings. The aim of the M.I.T. ruling program is to 
manufacture larger gratings. By using sophisticated methods of 
controlling the line spacing [3] beautiful plane rulings of ten 
inches and more have been made. 

_ new gratings and detectors and with unbelievable 

SKUi D.H. Rank hasbeen able to measure wavelengths of absorp¬ 
tion lines in the near inf rared with an accuracy of one part in sev- 
eral million [4]. Thus for example, in a recent paper [hi Rank 
hsts the lines of bands of HCps and DCl^s quoting frequencies 
m wave number units to four figures after the decimal point. 

rom this work it has been possible to obtain values of the mag¬ 
netic momente of HCl and DCl. By combining the rotational con¬ 
stants of DCl determined from this work and from microwave 
ft ec’i *1^® velocity of light was obtained, 299,793.1 ± 

.65 km/sec, that is as reliable a value as any obtained to date. 

^ +• 1 C highly precise frequency standards for the 

entire 1-5 /i region [4 ]. Plyler and others have studied the spectra 
of many molecules in considerable detail. Even a molecule as 
complicated as HjOhas been tackled! [6] 

LINE INTENSITIES AND LINE WIDTHS 

In addition to line frequency measurements, there are two 
Tn f ^ spectrum that can be fruitfully studied, (a) 
in TninH * ^ high resolution, we have 

uaM np .5 intensities, the intensities of individ- 

nal lines, and (b) Widths and shapes of lines. 

is ^ i^idividual spectral line m in a band 

IS defined as the area under the plot of the absorption coefficient 
k(y) versus frequency v thus 

= / k(l/) di/ 

1 i n e 

It can be shown that [7] 
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exp (-E(J)/k;T) 

~ ®band V Z ^ 

where m = -J for the P branch and J + 1 for the R branch. Z is 
the rotational partition function; v is the "effective” vibrational 
frequency; is the vibration-rotation interaction factor and 
the Stand strength of the entire band [8]: 

S,.., " E ^ I' 

m 

Here R''''' is a matrix element of the dipole moment function [9] 
M = Ma + Mi(r-ra) + M 2 (r-ra)^ + . . . where r is the instanta¬ 
neous interatomic distance, r^ is the equilibrium interatomic 
distance and where it is assumed that M can be expanded in a 
power series about r^. Measurement of line intensities gives 
therefore information about the temperature of the system, the 
interaction between vibration and rotation and the dipole moment 
function, is approximately equal to the permanent dipole 

moment; is approximately the effective charge on the vibrat¬ 
ing atom and Mj, M 3 . . . express what is called "electrical 
anharmonicity." 

One of the most important stimuli to modern studies of line 
intensities was a remarkable contribution—now a classic—by 
Herman and Wallis to the theory of vibration-rotation interac¬ 
tion [10], Even on the most naive assumptions one must take 
account of vibration-rotation interactions. The most elementary 
model of a vibrator is that of a harmonic oscillator and the 
simplest model rotor is a rigid rotor. Clearly these two models 
cannot be reconciled. An oscillating rotor cannot be rigid I 
Vibration-rotation interactions have been discussed for about 
forty years but Herman and his associates produced a detailed 
theory that transforms vibration-rotation interaction effects 
from a dull correction into an exciting observable leading to 
important new information about the electrical properties of 
molecules. Qualitatively the important result of Herman may 
be explained as follows. For a diatomic molecule in vibration 
the intensity of absorption depends mainly on M^. In rotation 
the intensity depends mainly on M^,. The vibration-rotation 
interaction depends on the ratio M^/M^. Theory shows that if 
this ratio is positive the effect of vibration-rotation interaction 
on the intensity is to depress the R branch and enhance the P 
branch. The reverse is the case if M^^/M^ is negative. Whereas 
only the absolute value of M^ is obtainable from band intensities, 
a study of vibration-rotation interaction makes it possible to 
obtain the sign of Mj. 
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Experimental measurement of the absolute intensities of 
individual lines in a band remains a relatively difficult matter. 
They are extremely sharp and even with the best resolution 
available, instrumental corrections must still be made. These 
are often complicated and unreliable. A basic contribution to the 
experimental problem was made in 1956 by Benedict, Herman, 
Moore and Silverman [7,11]. These workers showed in detail 
Md with wonderful care and precision how to determine line 
intensities and widths by the so-called curve of growth method, 
^though an observed line is a smeared out version of the true 
line, the area above the transmission curve depends only upon 
the amount of energy removed from the incident beam by absorp¬ 
tion. This must surely be independent of instrumental factors. 

J (1 ■" T(i^))di^ and it does not matter whether 
T(^) or T^is put in the integrand. By determining this area 
for a series of sample lengths (and assuming a definite line 
shape) it is possible to determine absolute line intensity and the 
line width. Benedict et al. applied the curve of growth method to 
bands of HCl and DCl and subsequently more work has been done 
on HCl, on CO, CO 2 and other gases. 

REFRACTION SPECTRUM 

In our laboratory the approach to the line intensity problem 
as been somewhat different. When infrared spectroscopists 
speak about a "’spectrum’^ theyusually mean an absorption spec- 
trum-a plot of absorption versus frequency but there also exists 
e refraction spectrum, that is a plot of refractive index versus 
requeimy. Where there are sharp lines in the absorption spec¬ 
trum, there are sharp wrinkles in the refraction spectrum. The 
intensity of an absorption line is given by the area under it and 
If the line shape is known it is proportional to the product of the 
peak absorption and the half-width. It turns out that the intensity 
of a line in the refraction spectrum is proportional to the product 
of Its amplitude and the frequency interval between the peak and 
the trough. This latter is numerically equal to the half-width of 
e corresponding absorption line. In fact the refraction spec¬ 
trum in everyway gives the same information as the absorption 
spectrum. It can be shown that if the refraction spectrum is 
known over the entire frequency range, then the absorption spec¬ 
trum may be calculated from it—and vice-versa [12]. Theoreti¬ 
cally then, there is nothing to choose between the two. In prac- 
tice however it has been found that in some cases determinations 
Of intensities and widths are much better with the refraction 
spectrum. 

• ®P®ctra of gases in the infrared have been deter- 

mined for many years notably by Rollefson and his collabora¬ 
tors [IdJ, but recently very sensitive refractometers have been 
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combined with spectrometers of very high resolution and this has 
made possible the study of individual refraction lines. Several 
types of refractometers have been devised. Legay in Paris used 
an interferometer while we in Israel have used a simple hollow 
prism. The instrument is shown schematically in Figure 1. The 
optical system is shown in more detail in Figure 2. 


MONOCHROMATOR REFRACTOMETER 



Entrance slit Intermediate slit Exit slit 

S| Sz S 3 


Figure 1. Schematic arrangement for measurement 
of refraction spectra of gases. 



Figure 2. Optical system of the Rehovoth spectrometer-refractometei 
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Just as for absorption lines, instrumental effects cause dis* 
tortion of refraction lines. This situation is shown in Figure 3. 
The dotted curve is a true line and the full curves are those to 
be expected with three different instrumental settings. Curves 
b and c show peaks depressed and tails lifted just as in the case 
of absorption lines. Curve a corresponds to very narrow slits 
and here there is a curious effect-the peak is enhanced. This 
is actually observed and there is a simple physical explanation 
for it Note that in the wings the correction is small and in prac¬ 
tice it is found to be fairly easy to make a good line intensity 
determination from the wings alone. This is one of the advan¬ 
tages of the refraction spectrum. The second main advantage 
is that of background. A constant background does not interfere 
with determinations of line intensity or line width. A detailed 
method of making the instrumental corrections has been worked 
out taking into account the effects of both finite slit widths and 
of diffraction within the instrument [14]. Knowing the instru¬ 
mental settings, trial values of the line intensity are fed into a 
computer until the predicted and observed curves correspond in 
the wings to the observed line. In the example shown in Figure 4 
a value of = 0.063 cm-^ atm-i was obtained for the intensity 
of the line R(7) in the 2-0 band of HCl^^. Using this value, dif¬ 
ferent values of the half width y are tried out until the computer 
fits the calculated curve to the observed curve in the neighbour¬ 
hood of the peak and trough. Note that the amplitude of the line 
epends on y. The shape of the wings also depends weakly on y 
and it is possible to obtain a second approximation for S° by re¬ 
fitting in the wings, and then proceed to compute a second ap¬ 
proximation for y° by refitting at the peak and trough and so on. 

iteration was not found necessary. The 
width was found to be y- = 0.30 cm-i. Figure 5 shows the same 
line observed with wider slits and although it looks quite differ¬ 
ent, the same values for S° and y'" were obtained from it. In 
this way the intensities of lines of several bands have been 
determined. 

i. study toe intensities of toe lines in the 001-000 

band of hydrogen cyanide have been measured by toe refraction 
method. This work led us to an investigation of vibration-rotation 
interactions m linear molecules and a theory for toe general 
linear molecule has now been elaborated [15]. A vibration-rotation 
interaction factor is calculated for each normal vibration. In 
general each factor contains one term due to the interaction of 
toe molecular rotation with toe vibrations and a second term due 
to toe interaction of the Coriolis motion with toe vibration. 

An example of line width determination is given in 
Figure 6 where the widths of lines in the HCl 2-0 band ob- 
ained by reiraction, are compared with other determinations. 
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Figure 3. A theoretical refraction line (intensity 0^0226 cm"^ and half width 
0.074 cm "^) compared with three calculated curves corresponding to those 
expected with three different instrumental settings. 
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Figure 4. Sample calculation of line strength and the half width from the 
refraction spectrum. The dotted curve is the observed line. 

The most interesting feature of these results is that the line 
widths are not all the same; they depend on the rotational quan¬ 
tum number of J. This effect was first observed by Herztaerg 
and Spinks [16] in an overtone band of HCN. 

Line width depends in the main on intermolecular forces. 
The absorbing molecule in a gas is being constantly disturbed by 
collisions with other molecules. The very first theories [17] 
predicted that the width of a spectral line should be proportional 
to the number of collisions sufferedby the absorber in unit time; 
that is, proportional to pressure. At a given pressure wide lines 
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Figure 5. The same refraction line as that shown in 
Figure 4 , but with wider spectrometer slits. 




HCI Experimentol Line Widths at 300® K 

• BG (R- branch 2 " 0 Bond ) 

X BAB (P - branch 1-0 Bond) 

O BHMS (Averogc, P & R, 35,37, 1-0 Band) 
A JKH ( Averoge, P & R, 37, 2-0 Band ) 




Figure 6* Widths of lines in absorption bands of HCI. 
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mean strong inter molecular forces and narrow lines mean weak 
ones. When the individual lines in aband allhave different widths 
it means that molecules in certain states inter act with neighbours 
more strongly than others. The J-dependenceof width yields new 
information about inter molecular forces. 

PRESSURE INDUCED SHIFTS 

I should like now to report on a slightly different though 
closely related phenomenon that also yields information about 
intermolecular forces. This is termed pressure "shifting." 
WTien the pressure of a sample is increased, not only are the 
lines in its spectrum broadened. They are also slightly shifted. 
There exist numerous discussions of this phenomenon in the 
literature [18], but it must be confessed that originally our ap¬ 
proach to it was made in ignorance of previous work. Most of 
you are familiar with the phenomenon of band shifts in liquids 
due to solvent effects. Leaving aside chemical effects, these 
shifts are due to the polarisability of the solvent, that is, they 
are a function of the dielectric constant (or refractive index) of 
the solvent. Figure 7 shows the absorption of hexane in three 
solvents and the shifts are seen to be quite large [19]. Since the 
refractive index of a gas at atmospheric pressure differs from 
unity only by a few parts in ten thousand, this "solvent" effect in 



Figure 7. Absorption of n-hexane in three different solvents. 
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gases roust be very sroall. But it was the suggestion of S. Kiroel 
that it should nevertheless be detected. It was estimated that if 
a line in the spectrum of HCl be observed in two samples differ¬ 
ing in pressure by one atmosphere, then a shift of about 0.01 cm ^ 
should be detected. When the experiment was made it was found 
that each individual line of a band was shifted differently. It was 
also found that the shifts were different for different bands. 
Finally the effect was found to display a marked temperature 
dependence [20]. These results were considered to be too hard 
to interpret at the time, and a simpler situation was next studied, 
namely pressure shifts of HCl lines due to noble gases [21]. 
That is, the positions of lines with a sample of HCl at low pres¬ 
sure were compared with the positions of lines of the same sam¬ 
ple with the addition of a quantity of a noble gas. Figure 8 shows 
the line shifts in the 2-0 band of HCl due to five noble gases. 

Since both the lines themselves and the instrumental slit 
function were found to be symmetrical, no instrumental correc¬ 
tions were necessary, and in spite of the smallness of the effect 
it could nevertheless be reliably measured. Pressure shifts cer¬ 
tainly offer a wealth of information on interniolecular forces- 
though it must be admitted that up to the time of writing the 
theoretical interpretation is proving to be a very tough proposi¬ 
tion [20,21]. 


CONCLUSION 


Summing up it may be stated that developments of the last 
decade have transformed the near infrared into one of the best 
regions of optical spectroscopy. In addition to the highly precise 
wavelength measurements, successful work has been done on the 
intensities, widths and shifts of individual rotational lines. It 
may be confidently expected that studies in this region will fur¬ 
nish much additional information about molecular structure and 
intermolecular forces. 
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HCl 2-0 band 

Figure 8. Pressure induced shifts of lines in the 2-0 band of HCl due to 
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INFRA-RED DISPERSION STUDIES 


W. H. Prichavd and W. J. Orville-Thomas 
The Edward Davies Chemical Laboratories 
University College of Wales 
Aberystwyth, Wales, United Kingdom 


INTRODUCTION 

The variation of refractive index with wave length is known 
as dispersion and in general the refractive index decreases with 
increasing wave length. Cauchy showed that the variation of 
refractive index with wave length could be represented by the 
equation 


n = A + BA2 + C/X'^ 


where A, B, and C are constants characteristic of the medium. 

When refractive index measurements are extended into the 
infra-red region the dispersion curve shows marked deviations 
from the Cauchy equation in the region of absorption bands. As 
X tends to Xj (the centre of an absorption band) the refractive 
index decreases more and more rapidly whilst beyond the region 
of absorption the refractive index has a larger value than for 
certain shorter wave lengths. This phenomenon is known as 
anomalous dispersion because in the neighbourhood of an ab¬ 
sorption band the longer wave lengths have a higher value of the 
refractive index. 

This is illustrated in figure 1 which shows how the refrac¬ 
tive index varies with wave length. As one approaches a region 
of absorption the dispersion curve exhibits a region of anomalous 
dispersion. It is clear therefore that the processes which occur 
in molecules and which give rise to absorption bands are directly 
linked to those which give rise to changes in refractive index in 
the vicinity of an absorption band. 
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Figure 1. Schematic Dispersion Curve for a substance transparent 
in the visible region. 


EXPERIMENTAL 

• j for the measurement of refractive 

index in the visible region of the spectrum is well-established. 
In the past the measurement of refractive index in the infra-red 
been relatively neglected since the techniques were 
difficult. The position has now changed owing to the pioneering 
work of Jaffe, Legay, Fahrenfort, and the introduction of the 
prmanium Fabry-Perot etalon by Kagarise. Using such an 
interferometer, constructed by Dr. Tadayonof the Limit Research 
Corporation, we have carried out dispersion measurements on 
a number of halogenated methanes and ethylenes to an accuracy 
of ±0.001. ^ 

X 1-1 results for dibromoethylene are given in figure 2 and 
table 1. 


ANALYSIS OF RESULTS-INTENSITIES 


Having got our numbers the question now arises as to the 
possible uses of dispersion data. 

The Cauchy equation is not capable of representing the dis¬ 
persion curve in regions of anomalous dispersion. Sellmeier 
assuming that the medium contained oscillators of natural fre¬ 
quencies, u- , derived an equation of the form 


n2 - 1 = ^ 


Aj 

_ A?' 

J 
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Figure 2. Ci's and Trans-Dibromoethylene (film 0.1 mm thick), 
(a) Absorption Spectrum; (b) Dispersion Curve. 


He argued that the radiation passing through the medium exerted 
a periodic force on the oscillators causing them to undergo 
forced vibrations. As tends one of the natural frequencies of 
the system, the amplitude of the forced vibration increases and 
becomes very large when the resonance condition X=Xj is 
reached. According to Sellmeier's equation the refractive index 
tends to plus or minus infinity as the wave length of the incident 
radiation approaches one of the resonant wave lengths A.j, from 
the long wave length and short wave length sides respectively. 
The defect with Sellmeier's relation is that it does not take into 
account the absorption of energy by the system from the wave 
as the wave length goes through a resonant value. 

Taking this factor into account Schatz and KAgarise have 
obtained relations connecting the variation of refractive index 
with the intensities of absorption bands. These relations can 
be used to compute band intensities from dispersion data. In 
this way it is possible to avoid the difficulties involved in the 
direct measmrement of band intensities in the liquid phase. 

The absolute intensities obtained from dispersion data for 
some methylene halides are given in table 2. 

For the stretching vibrations we see that for the Va(CH 2 ) 
mode the band intensity is greatest for the dibromo-compound —■ 
there is no regular change in intensity for this vibration. The 
CH stretching frequencies do not vary greatly in the methylene 
halides. This indicates that the CH bond-^stretching force 
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Refractive Indices of cis and trans Dibromoethylene 
Corrected to 20°C 


Wave¬ 
length, 11 

Refractive 

Index 

Wave¬ 
length, /I 

Refractive 

Index 

Wave- 
ler^th, fi 

Refractive 

Index 

2.009 

1.522 

5.422 

1.516 

8.784 

1.545 

2.109 

1.522 

5.505 

1.514 

8.907 

1.526 

2.206 

1.522 

5.681 

1.512 

9.103 

1.519 

2.359 

1.521 

5.804 

1.518 

9.323 

1.514 

2.615 

1.521 

5.887 

1.513 

9.824 

1.506 

2.810 

1.521 

6.201 

1.510 

10.083 

1.501 

2.931 

1.520 

6.294 

1.504 

10.353 

1.494 

3.089 

1.519 

6.397 

1.500 

10.623 

1.485 

3.145 

1.518 

6.471 

1.488 

11.416 

1.545 

3.174 

1.517 

6.613 

1.521 

11.632 

1.521 

3.200 

1.515 

6.750 

1.522 

11.926 

1.506 

3.226 

1.513 

6.853 

1.514 

12.270 

1.494 

3.298 

1.532 

6.990 

1.513 

12.593 

1.477 

3.318 

1.526 

7.593 

1.507 

12.877 

1,452 

3.346 

1.524 

7.725 

1.498 

13.088 

1.417 

3.409 

1.522 

7.858 

1.489 

13.912 

1.506 

3.513 

1.521 

7.931 

1.467 

14.127 

1.466 

3.664 

1.520 

8.108 

1.536 

16.04 

1.523 

3.918 

1.520 

8.216 

1.519 

16.54 

1.496 

4.159 

, 1.519 

8.358 

1.508 

17.70 

1.601 

4.572 

1.517 

8.505 

1.496 

18.28 

1.569 

5.172 

1,516 

8.578 

1.470 

19.10 

1.555 


Table 2 

Absolute Ritensities, A, for the 
Antlsymmetrical CHa Stretching Band 


Molecule 


Absolute Intensity (10^ 

darks) 


Liquid, 

Ai 

Pre- 
quency, 
cm - ^ 

Gas, 

Ag 

Fre¬ 

quency, 

cm'^ 

Solu¬ 

tion, 

As 

Fre¬ 

quency, 

Dichlorome thane 

0.46 

3048 

0.36 

3048 

__ 


Dibro mo methane 

1.92 

3065 

0.11 

3040 

—— 

__ 

Diiodomethane 

1.66 

3049 

0.28 

3049 



Hydrocarbons 

““ 

— 

— 

— 

7.63 

-2900 

-*CO X CH 2 “group 

— 

— 

““ 

— 

1.00 

-2900 
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constants, and hence the normal coordinates describing the vi¬ 
brations, are sensibly the same as we go from one member of 
the series to another. Since the intensities of the bands associ¬ 
ated with CH stretching do vary, however, it seems that the ionic 
character of the CH bonds must differ in the various mole¬ 
cules. This appears most plausible if one takes into account the 
inductive and dipolar field effects of the carbon-halogen bonds 
on the CHj groups. 

COMPARISON OF INTENSITIES IN THE 
LIQUID AND VAPOUR PHASES 

Experimentally, the measurement of intensities in the liquid 
phase is simpler than gas phase measurements. It would be 
helpful, then, if we could predict vapour phase intensities from 
liquid state measurements. 

The change in intensity of a vibration band in the liquid, Ai, 
as compared with the value, A g, found for the same band in the 
gaseous phase depends upon a large number of factors. They 
include (i) inter-molecular interaction, (ii) the dielectric con¬ 
stant of the medium, (iii) the shape of the molecules, and a vari¬ 
ety of other effects of lesser importance. 

Debye and Onsager have both attempted to calculate the 
dielectric effect and have obtained relations which differ widely 
in their predictions for the ratio Aj/Ag. This marked discrep¬ 
ancy has been resolved by Polo and Wilson who have corrected 
the Onsager expression and deduced an expression identical to 
that derived from Debye's theory. 

Using band intensities calculated from dispersion data and 
the values available in the literature for gaseous intensities we 
have tested the Debye-Polo-Wilson relation in a large number 
of cases. 

In table 3 the ratios predicted for Aj/Ag are compared with 
those obtained experimentally for methyl iodide. Agreement is 
seen to be poor. It should be remembered, however, that the 
theory applies ideally to non-polar substances and hence it is 
not surprizir^ that an expression which has not been modified 
to take the polar character of the molecules into account breaks 
down. 



Tests of the Polo-Wilson Equation for Methyl Iodide^ 
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lO 1 UO lO LO 

W 1 OQ CO CO CO 

tH tH • rH tH t-H rH 

Ai/A, 

Experimental 

0.97 

1.06 

2.14 

1.34 

2.40 

6.32 

Frequency 

(cm-i), 

Gas 

r 3060.3 1 

\ 2969.8 J 

2861 

1440.3 

1251.5 

880.1 

532.8 

Gas 

Intensity, 

A. 

1.32 

0.16 

1.06 

2.07 

0.89 

0.19 

Liquid 

Intensity, 

Ai 

1.28 

0.17 

0.17 

2.27 

2.78 

2.14 

1.20 

Frequency 
(cm-i ), 
Liquid 

3050 1 

2950 J 

2841 

2475 

1429 

1242 

887 

522 

Vibration 

W 

+• 

^ dr- 

J!? W « « ^ 1 

W O W ffi m o 

o g ^ G O sf 1 G- 

^ w 42 ^ SB w tii- ^ 


'All intensity values are quoted in units of 10^ darks. 


INFRA-RED SOLVENT SHIFTS AND 
MOLECULAR INTERACTIONS 

Part 3. Studies in Liquid Bromine and Halogen-Atom Interactions. 

H. E. Hallam and T. C. Ray 
Department of Chemistry 
University College of Swansea 
Swansea, Wales, Great Britain 

During our systematic investigations of the effect of solvent 
environment on infra-red—active group frequencies we have 
had cause to employ a wide range of solvents rarely found, let 
alone used, in an infra-red laboratory. Whereas, on the one 
hand, we always utilize the most "inert” solvent, that solubility 
and background absorptions will allow, when examining a solute 
vibrational frequency, on the other hand we never cease to search 
for more "active" solvents which will interact strongly with the 
particular group dipole. The aim is first, to provide a challenge 
for the interpretation of the observed spectral changes, viz. 
solvent shifts, intensities and band shapes; and second, to extend 
our knowledge of intermolecular interactions. Further, to pro¬ 
vide another tool for the identification of group frequencies and 
therefore for structural diagnosis. 

Solvents such as antimony trichloride, hydrogen cyanide 
and bromine can provide valuable information if one is prepared 
to face the numerous experimental difficulties their use entails. 
We have singled out bromine to illustrate these since it embraces 
halogen-atom interactions which have been receiving most of 
our attention of late, some aspects of which we should also like 
to discuss. A homonuclear diatomic, bromine fulfills the ideal 
for an infra-red solvent; it dissolves most common compounds 
in sufficient concentrations to yield a spectrum with a 1 to 5 mm 
cell, but suffers from the considerable disadvantage of its chemi¬ 
cal reactivity. Our interest in bromine arose during our search 
for solvents to displace carbonyl frequencies when we saw 
Pullin's [1] report of i^{C = 0) of acetone at 1689 cm-i in liquid 
bromine, a {v vap.-i/ soln.) shift of 48 cm-i which is almost 
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double the shift observed in strong proton-donating solvents such 
as trifluoroethanol. 

EXPERIMENTAL 

Spectra were measured with aGrubb-ParsOns G.S.2 double¬ 
beam grating spectrometer. The cells used were of a conven¬ 
tional type with the exception that the spacers and filler tubes 
and caps were manufactured from teflon. All solution prepara¬ 
tion and cell filling was performed in an adequate fumes cup¬ 
board before seating the cells in the standard spectrometer 
housing. The radiation-unit casing, however, was replaced by 
a funnel, fitted with double open windows for the optical beams, 
and connected direct to a high-extract fan fitted on the outside 
wall of the building. Although somewhat elementary it is neces¬ 
sary to stress that such an arrangement is absolutely essential 
as even minute traces of bromine vapour rapidly attack the 
spectrometer parts not to mention the operator I 

Bromine purified by the standard method of drying with 
cone. H 2 SO 4 followed by distillation, has an infra-red spectrum 
(Figure 1) which indicates the persistence of traces of strongly- 
absorbing halogenated irnpurities. Several methods for prepar¬ 
ing "Spectroscopic" bromine were tried and the following proce¬ 
dure finally adopted. Small batches (~ 25 ml) were frozen at 
- 20 °C using a cardice/chloroform freezing mixture and the ex¬ 
cess liquid decanted and discarded. The solid was then warmed 
slightly and the liquid layer again removed. The solid was then 
completely melted, shaken with Pj Oj and allowed to stand for 
12 hours and then fractionally distilled, the second fraction being 
collected. This procedure was repeated twice to yield a product. 
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b. pt. 58.5°C, almost free from water and completely free from 
other impurities (Figure 1). 

The solutes and other solvents were all distilled prior to 
use until their boiling-points agreed with literature values, and 
all were rigorously dried. Frequency values of the (X-H) bands 
have a precision of ±1.5 cm"^ and those of (C-Hal), ±1 cm-^ . 


RESULTS 


We have examined numerous carbonyl compounds, such as 
amides and urethanes, which are less susceptible to bromination 
than acetone, and in each case found an extremely low liC = 0). 
There is considerable doubt, however, as to whether these are 
real "solvent shifts" as the spectral changes we observe else¬ 
where makes it almost certain that reaction occurs too rapidly 
for us to record the true ^(C^O) in bronaine solution. Pullin 
himself expressed some doubt about his acetone value but con¬ 
sidered reaction not too great in pure dry bromine since the 
y(C=0) was recorded within 1/2 minute of making up the solu¬ 
tion. We have repeated his measurement and feel convinced 
that the low value arises from brominated species. 

We then turned our attention to saturated hydrocarbon and 
halogenated-hydrocarbon solutes where bromination problems 
are small. Some typical results of these are shown in Table 1 
together with the relative frequency shifts, 10® Av/v, calculated 
on the basis of the vapour-state frequencies. 


Table 1 

Solute Frequencies in Liquid Bromine 


Solute 

cin-i 

v(C-H) 



10® • A V /v 

Methyl 

Chloride 

3025 2952 

6.0 (mean) 

705 

36.9 

Methylene 

Chloride 

3043 2974 

5.7* 

738 702.5 

29.1 (mean) 

Chloroform 

3007 

8.6 

756.5 

20.7 

Water 

v(0-~H) 
3662 3578 

22.5 (mean) 

S(O-H) 

1592 



*For the lower band referred to the vapour frequency of 3007 cm'^ . 












572 


SPECTROSCOPY 


DISCUSSION 

Frequency Shifts and, Solvent Pattern 

(^~^) Bonds: In bromine solution (X-H) links display relative 
shifts of the same order as in solution in substituted benzenes [2]. 
This indicates thatthe Br atom lone-pair electrons interact with 
the solute proton quite as strongly as aromatic 7T-electrons. 
(C-Hal) Bonds: The solvent-dependency of (C-Hal) dipoles has 
recently been established and was reported by us at the Amster¬ 
dam European Molecular Spectroscopy Meeting last year. Since 
it is now in press [3] it will suffice here to mention only the 
salient features so that some time can be spent discussing the 
possible modes of interactions, particularly those of bromine. 

As might be anticipated, the solvent response of (C-Hal) 

dipoles is closely similar to that of (X=0) dipoles [4]. The 
relative shifts plot sensibly against the corresponding shifts of 
any i'(X=0), but for internal consistency and to obtain further 
insight into the mechanism of the shifts, it is preferable to use 
a t'(C-Hal) as a reference. Normally we choose cis-dichloro- 
ethylene since its asymmetric i'(C-Cl) occurs at 857 cm-^ , a 
region relatively unhindered by solvent absorptions, which al¬ 
lows it to be followed in the most representative range of sol¬ 
vents. This, however, excludes bromine on account of its reac¬ 
tion with the double-bond, so since the aim of this paper is to 
discuss interactions in this solvent we shall here use methylene 
chloride as a reference for BHW plots (Figure 2). 

Strong proton-donating solvents such as trichloroethanol, 
in the few instances when solvent background allows their use, 
cause the largest KC-Hal) displacements. Significant lowerings 
are also exhibited in electron-donating solvents such as dimethyl 
formamide and dimethyl sulphoxide; bromine interactions are 
but slightly less and are comparable with those of acetone and 
acetonitrile. The band-widths at half-absorbance and the band 
intensities show an enhancement which parallels Ai^ but the ef- 
nearly so dramatic as found with r(X-H) frequencies. 
We shall not be able to discuss these other than to say that in 
the case of v(C-Cl) asym. of CHCI 3 they have been fairly suc¬ 
cessfully fitted [5] to Buckingham’s relationship for the solvent- 
dependency of solute intensities. 

INTERACTION MECHANISMS 

v(C-Hal) shifts follow the simple 
^ H Kirkwood, Bauer and Magat and from 

r detailed analysis [3] following Buckingham it seems clear 
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Figure 2. Plots of the relative frequency shifts of (a) l^(C-CI) sym. of 
methylene chloride,and (b) the v(C-CI) asym. of chloroform plotted against 
the corresponding shifts for ^(C-Cl) asym. of methylene chloride. Solvents: 
(1 ) n-hexane; (2) cyclohexane; (3) cyclohexene; (4) carbon disulphide; (5) 
methyl iodide; (6) methylene bromide; (7) bromoform; (8) benzene; (9) bro¬ 
mine; (10) nitromethane; (11) acetone; (12) dioxane; (13) dimethyl forma- 
mide; (14) dimethyl sulphoxide; (15) acetonitri le; (16) ethylene dibromide. 

that dielectric factors play a greater role in determining i^(C-Hal) 
shifts than they do with any other frequencies which so far have 
been examined. 

This is borne out by mixed solvent studies in which the 
v(C -Hal) band moves progressively to lower frequency with in¬ 
creasing proportion of polar solvent and in no instance can two 
absorption peaks, due to competing specific interactions, be 
resolved. Such interactions are undoubtedly present but are 
masked by the bulk dielectric shift. They are clearly indicated 
in Buckingham - KBM plots (Figure 3) by well-defined groups of 
related solvents which lie off the line: 

(I) TT-electron systems such as aromatics, olefines, carbon 
disulphide; (II) dioxane; (IH) bromine; (IV) X=0 electron donors; 
and (V) proton-donors. 

The interactions of proton-donating solvents are readily 
classified as (C-Hal .... H-X) dipolar associations; in fact. 
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Figure 3. RelaHve frequency shifts of i/(C-CI) asym. of chloroform in dilute 
solution as a function of the dielectric constant of the solvent. Solvents: 
(1) n-hexane; (2) cyclohexane; (3) cvciohexene; (4) dioxane; (5) benzene; 
(6; carbon disulphide; (7) bromine; (8) bromoform; (9) methyl iodide; (10) 
methylene dibromide; (11) acetone; (12) nitromethane; (]3) dimethyl forma- 
mide; (14) dimethyl sulphoxide. 

weak hydrogen-bonds. Those listed (I) to (IV) are all potential 
electron-donors (D^) and on the simple basis of the dipolar- 
association theory of solvent-shifts [2] would not be expected to 
interact strongly with dipoles possessing a negative end-atom. 
Quadrupoleor contra-association (t;) would be a possible mech¬ 
anism, hut for steric factors which must prevent this in many 
cases. In the case of Br and I atoms a plausible mechanism 
may be based on an overlap of non-bonding d-orbitals with 
vacant anti-bonding orbitals on the solvent molecules, e.g., Fig¬ 
ure 4. All of these specific interactions probably give rise to at 
least half of the total shift observed [3] in each instance. 

It is of interest to consider the numerous studies which have 
been made on charge-transfer complexes, between halogens and 
interhalogens and aromatic compounds, particularly those of 
Br^, ICl and ICN. Person et al. [7] have drawn attention to the 
fact that the frecjuencies of these complexes closely parallel the 
frequency values of i^(O-H) in the corresponding solvents, and 
suggest that Bx 2 . . . . D^, ICl . . . . D^, etc., charge-transfer 
interactions are fundamentally not different from (O-H .... Die) 
hydrogen-bonded interactions, which charge-transfer theory in¬ 
cludes as a special case. It has also been suggested by Bellamy 
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Figure 4. Schematic representation of halogen-atom specific interaction. 


et al. [4] that the very weak dipolar interactions as found for 

5+ 6- 

example with i.'(X-H) in carbon-tetrachloride,X-H .... Cl-C—, 
differ only in the magnitude of the interaction energy rather than 
the nature, from true or accepted H-bonds. With the hope of 
embracing all these specific molecular interactions under one 
generalized scheme we have attempted to relate our i^(C-Hal) 
shifts with the corresponding charge-transfer frequencies. 
There is a similarity as far as average shifts are concerned 
but with the strong complexes the charge-transfer frequency 
difference far exceeds a "normal” r(C-Hal) shift. However, the 
similarities are sufficient to suggest that a charge-transfer 
mechanism may also play some part in determining the halogen 
shifts that we observe. The same phenomenon may also account 
for the large carbonyl shifts observed in bromine solution if 
indeed chemical reaction can be ruled out. 
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RECORDING THE INFRA-RED SPECTRA OF 
GAS-CHROMATOGRAPHY FRACTIONS 


A. R. Philpotts 

The Distillers Company Limited 
Great Burgh 
Epsom, Surrey, England 


The use of gas-chromatography to separate components of 
mixtures which were then identified by infra-red spectroscopy 
started about 1955 [l]. The value of the combination was soon 
recognised particularly in the essential oil field. In 1959 at 
least forty papers appeared which showed how a wide range of 
chemical problems had been solved this way. Most of the early 
work was done with large chromatographic columns separating 
grams of material. This short review is mainly concerned with 
the principles of reducing sample size and does not include the 
elegant apparatus which is used for automatic, sequential and 
multiple fraction-collection. 

The convenience and greater separating power of small 
analytical columns soon led to working with milligram samples. 
After all, Blout [2] was already doing infra-red in the micro¬ 
gram range, although not with gas-chromatography fractions. 
Anderson [3, 4] described the trapping of milligram samples 
followed by re-evaporation into an evaci;iated gas-cell, and 
modifications of this approach have been published [5, 6]. How¬ 
ever, better optical use of the sample is made at a focus, rather 
than with a straight gas-cell, so interest changed to examining 
the trapped fractions as pure liquids, solutions or in bromide 
discs. 

A number of simple traps for the milligram range have been 
described in the literature and produced by the instrument 
manufacturers. Some of these are based on the conventional 
concentric-tube trap. These have the advant^es that the inner 
tube can be a hypodermic needle and that a liquid sample can be 
collected together by centrifuging. Other traps are some varia¬ 
tion of the U-tube. 
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The routine method used in our laboratory is one example 
of these methods. A simple U-tube as shown in the figure has a 
small well onder the entry limb. The effluent from the column 
passes along a heated tube, through the connecting joint and into 
me cooled trap. Liquid condensed on the walls can sometimes 
be shaken into the well, or else driven down by distillation, 
under vacu^ if necessary. The sample can then be dissolved 
in a few microlitres of solvent in the well and transferred by 
jpodermic needle to a micro-cell or on to potassium bromide 
for pressing into a disc. Alternative transfer methods are 
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described, using a stoppered or detachable well [7], or capil¬ 
lary [8, 9, lO] or by fitting the micro cell in place of the well[ll]. 
Normal spectroscopic techniques can be used at these levels, 
without beam-condenser or scale-expansion. 

Various opinions have been given about the efficiency of 
simple traps, varying from complete trust to positive disap¬ 
proval. In our experience the simple trap has been effective 
down to 500 pg with more than half the compounds tried (boiling 
between 50° and 250°C.) and sometimes to 200 pg. Failure of 
the trap has usually been due to mist formation. This can be 
counteracted to some extent by choosing a refrigerant such that 
the temperature is not reduced unnecessarily, by using a con¬ 
necting tube with a temperature gradient when possible and by 
packing the outlet limb of the U-tube with glass wool or ballotini. 
Sometimes a sintered-glass disc has been sealed into this limb. 
Vacuum distillation is then essential to collect the sample 
together. About 25% of failures were still found, even with the 
packed tube. 

Although the system is often efficient at the 500 jixg level, it 
is almost useless for 50 jug- H the developments in infra-red 
methods are to be fully used, the trapping and transfer technique 
must be greatly improved or some effort made to record the 
spectrum of the fraction without condensing it. 

The principles of improving trapping and dealing with mist 
formation have been discussed [12]. Reducing the vapour pres¬ 
sure of the condensed material by using an absorbent [13], 
adsorbent [14], solvent [15] or reagent makes trapping more 
efficient. Adding a solvent to the gas stream as a vapour is 
sometimes better still [16]. Whether these expedients can be 
used or not depends on the particular application. A more 
general method is the centrifugal freezing trap, but the sample 
size is rather large [l7]. The electrostatic precipitator also 
offers a general method of collecting fog particles. Again, the 
published fraction-collectors [18, 19] are designed for rather 
large samples but one microgram amounts of radioactive com¬ 
ponents have been quantitatively recovered this way [20]. The 
alternate refrigeration and re-heating of the gas stream gives 
good recovery under fog-forming conditions [21, 22] and a 
micro-version has recently been successfully used by Dr. 
Swoboda[23]. This consists of a coiled, stainless steel cappary 
with a part of each turn in liquid nitrogen and another part in hot 
air; 10 ixg samples have been condensed. Another capillary 
condensing system has been described, using a solvent-coated 
tube [24]. 

Transferring these small amounts is difficult and micro¬ 
methods must be used. Soluble, involatile compormds can be 
handled in solution in the way already established for paper 



580 


SPECTROSCOPY 


chromatography fractions [ 25 ]. When the sample is trapped on 
potassium bromide [26] or other adsorbent [l4] transfer is 
easier. 

techniques for microgram samples are well 
established, and there are several recent reviews of micro and 
semi-micro methods [25, 27, 28, 29, 30]. In one recent develop¬ 
ment potassium bromide powder is charged to a 1 mm. blind 
hole drilled in the face of a standard potassium bromidedisc[ 3 l] 
Sample is transferred in solution, then the disc is re-pressed 
and so a.cts as mould and support for a micro disc. A reduction 
of sample size by a factor of ten or so can often be achieved by 
usmg scale-e^ansion (we have recorded good spectra at the 
20 pg level without a beam-condenser). Scale-expansion may 
not be possible if the incident intensity has already been attenu- 
sample holder, beam-condenser or multi-reflection. 

The direct examination of fractions in the vapour phase is 
very attractive, if a suitable gas-cell can be made [32, 33]. A 
higher ratio of pathlength to cell volume than that used by 
Anderson [4] is essential and White [33] raised this to about 
cms. per ml. (by using the multi-reflection method). The 
equivalent cross section is 20 sq. mm., about the same as for 
the normal (liquid) micro-cell without beam-condenser. The 
minimum s^£e is then about 200 /ig, with the possibility of 
T ®«=ale-expansion. The ideal gas cell must 

\ 5 and a volume of 

with heaters and preferably be of 
such a shape that fractions are swept throijgh the cell by carrier 
gas flow. Our efforts to produce a useful cell have so far been 

further results using the White cell have 
^PP^ared m the literature. 

paper have been 

^ molecular weight of 200 has been 

^th ihA amount required obviously varies 

with the extinction coefficients, but this value is suggested as a 

^rii-h represents the lowest limit working 

1-10 andordinary infra-red techniques. 

1 10 pg samples can be used when one of the improved trapping 

Slf micro-techniques are avLl? 

Sei JIs f feasible with an 

reported scale-expansion) but no results have been 



GAS-CHROMATOGRAPHY FRACTIONS 


581 


REFERENCES 

1. E. F. Williams. Appl. Spectroscopy, 10, 221, 1956. 

2. E. R. Blout and G. R. Bird. J. Opt. Soc. Amer.,^, 547,1951. 

3. D. M. W. Anderson and J. L. Duncan. Chem. and Ind. 
(London),^, 1662, 1958. 

4. D. M. W. Anderson. Analyst, 50, 1959. 

5. J. Haslam, A. R. Jeffs and H. A. Willis. Analyst, 86, 44, 
1961. 

6 . S. S. Chang,C. E. Ireland and H. Tai. Anal. Chem., 33, 479, 
1961. 

7. G. J. Frisone. Chemist-Analyst, £8, 47, 1959. 

8 . B. M. Mitzner and M. H. Jacobs. Chemist-Analyst, 104, 
1959. 

9. H. J. Gold. Chemist-Analyst, 112, 1960. 

10. A. Kreuchunas. Chemist-Analyst, 49, 82, 1960. 

11 . P. A. Wilks and C. W. Warren. Connecticut Instr. Corp. 
Newsletter, _6, 1, 1960. 

12. A. Klinkenberg. In "Vapour Phase Chromatography," ed. 
Desty. Butterworth (London), p. 211, 1956. 

13. C. M. Drew, J. R. McNesby, S. R. Smith and A. S. Gordon. 
Anal. Chem. 28, 979, 1956. 

14. H. Szymanski, R. Povinelli, D. Stamires and G. Lynch. Anal. 
Chem. 2110, 1959. 

15. W. J. Zubyk and A. Z. Connor. Anal. Chem. 32, 912, 1960. 

16. J. H. Jones and C. D. Ritchie. J. Assoc. Offic. Agr. Chem., 
41 753 1959. 

17. A^ Wehrli and E. Kovats. J. Chromatog., 313, 1960. 

18. P. Kratz, M. Jacobs and B. M. Mitzner. Analyst, 84, 671, 
1959. 

19. A. E. Thompson. J. Chromatog., 454, 1961. 

20. J. N. A. Ridyard. Private communication. 

21. F. Van der Craats. In "Vapour Phase Chromatography," ed. 
Desty. Butterworth (London), p. 96, 1956. 

22. H. de Vries. Appl. Sci. Res. Hague, B5, 387, 1956. 

23. P. A. T. Swoboda. In "Fourth International Gas Chromatog¬ 
raphy Symposium 1962," ed. van Swaay. Butterworth 
(London), in press. 

24. R. Self. Nature, 1^, 223, 1961. 

25. A. F. Krivis, G. E. Bronson, W. A. Struck and J. L. Johnson, 
in "Submicrogram Experimentation," ed. Cheronis. Inter- 
science (New York), p. 277, 1961. 

26. H. W. Leggon. Anal. Chem., 1295, 1961. 

27. J. U. White, S. Weiner, N. L. Alpert and W. M. Ward. Anal. 
Chem., 30, 1694, 1958. 

28. J. E. Stewart, R. O. Brace, T. Johns and W. F. Ulrich. 
Nature, 186 , 628, 1960. 



582 


SPECTEOSCOPY 


29. W. B. Mason. In "Submicrogram Experimentation," ed. 
Cheronis. Interscience (New York), p. 293, 1961. 

30. M. Sparagana and W. B. Mason. Anal. Chem. M, 242, 1962. 

31. A. F. Machin. Private communication. 

32. M. Feldstein. J. Forensic Sci.,^, 266, 1960. 

33. J. U. White, N. L. Alpert, W. M. Ward and W. S. Galloway. 
Anal. Chem., U, 1267, 1959. 



OPTICAL SPECTRA OF GASEOUS FREE RADICALS 


D. A. Ramsay 
Division of Pure Physics 
National Research Council 
Ottawa, Canada 


ITSTTRODUCTION 

Considerable advances have been made in the last decade in 
o\ii- knowledge of the optical spectra of polyatomic free radicals. 
IVEore than fifty free radical spectra have been observed in the 
region between 1000 and 10,000 k and high resolution studies 
lia.'ve been carried out for approximately fifteen of these 
spectra. 

The information which is derived may be briefly summarized 
a.s follows: 

1. Electronic Energy Levels 

2. Symmetry Species of the Electronic Eigenfunctions 

3. Vibrational Constants 

4. Rotational Constants 

5. Bond Lengths and Bond Angles 

6 . Dissociation Energies and Predissociation Phenomena 

A knowledge of the electronic energy levels and of the sym¬ 
metry species of the electronic eigenfunctions provides extensive 
data which must be explained by any acceptable theory of elec- 
■t 3 C“onic structure. The vibrational and rotational constants char¬ 
acterise the internal motions of the free radicals and are also 
essential to the calculation of thermodynamic functions. Geo¬ 
metrical parameters may frequently be deduced from the rota¬ 
tional constants and provide interesting information concerning 
"tine change of molecular shape with electronic excitation. One 
dissociation limit (for HNO[ 8 ]) and two ionisation potentials (for 
CH 2 [ 15 ] and CH 3 [ 16 ]) have so far been determined from optical 
studies but further values can be expected from future work. 
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Finally the study of the optical spectra of free radicals has pro¬ 
vided some interesting information concerning the interaction of 
electronic and vibrational motions in degenerate electronic 

linear molecules, a phenomenon known as the Renner 
effect [37]. 

A summary of the main developments in this field up to the 
beginning of 1959 has been given by the author [35] in an earlier 
review article. The principal aim of thepresent paper is to dis¬ 
cuss some of the more recent developments. 

TECHNIQUES 


One new technique has emerged in the last few years, the 
technique of flash pyrolysis [Lundberg, Kuebler and Nelson 27, 
30, 31, 32J. This method is similar in many respects to the 
technique of flash photolysis, except that the radiation from the 
photolysis” flash lamp is used to heat finely divided particles 
suspended in a gas or ps mixture, rather than to photolyse the 
^s directly. Free radicals are then produced by heterogeneous 
decomposition of the gas molecules on the hot particles. For 
example. Nelson [30] ps observed the absorption band of the 
methyl radical at 2160 A following the flash pyrolysis of methane 
containing finely divided carbon particles. Similarly, he has 
observed absorption bands of CF 2 following the flash pyrolysis 
of carbon tetrafluoride on carbon particles. The technique can 
thus be used with gases which are not amenable to flash photoly¬ 
sis. So far the technique has not achieved the repetition rates 
minute) which are frequently used in high resolution 
Hash photolysis studies, but nevertheless the method has inter¬ 
esting potentialities. 


, method of flash photolysis continues to be the main 

technique for most high resolution studies. Johns and Ramsay 23] 
have recently built an apparatus in which a 600 pF condenser 
ba^, charged to 7 kV, is discharged throi^h two 1 meter flash 
u es m series in ~30 /is. The lamps irradiate a reaction cell 
which m 2 meters long and which is fitted with multiple reflec- 
tion niirrors. Using this apparatus with absorption path lengths 
up o 0 meters, Johns and Ramsay have obtained spectra with 
much greater absorption intensities than in earlier work. For 
exanylejin the flash photolysis of acetaldehyde, the HCO absorp¬ 
tion bands are sufficiently intense that two bands of H in 
a-re seen. Claesson [7] and coworkers have 
1 R 0 large condenser bank (1008 /iF, 18 kV, 

160,000 J) through a 6 meter quartz flash tube in-150 as. Such 
an apparatushas considerable potentialities for the spectroscopic 

greater than -100 /is. For radi- 
very short lifetimes e.g., ~1 p,s, it is advantageous to 



OPTICAL SPECTRA OF GASEOUS FREE RADICALS 585 


use an apparatus in which the maximum energy is discharged 
through the photolysis flash lamp in a time not exceeding a few 
microseconds. In this connection it is interesting to note that 
Claesson [7] and his colleagues have discharged 900 joules of 
energy through a short flash lamp (10 cm) in 2 ps. 


NEW SPECTRA AND RESULTS 
CHa 


Two transitions of the CHj radical have been observed in 
absorption during the flash photolysis of diazomethane (Herzberg 
and Shoosmith [19], Herzberg [16]). The first system lies in the 
vacuum ultraviolet regionnear 1415 k. and consists of afew bands 
which are diffuse due to predissociation of the molecule in the 
excited state. For CHD and CEkj, however, and even for 
the bands exhibit discrete rotational fine structures, although for 
^^CH 2 the lines are still distinctly broad. The bands have the 
appearance of a S-S transition of a linear molecule and an alter¬ 
nation in the intensities of successive rotational lines is observed 
for^^ CHj and for CDj but not for CHD. Herzberg has concluded 
that the bands are due to a transition, though the triplet 

structure is not resolved, and has obtained the following values 
for the rotational constants and bond lengths: 


CDj; 

b: 

= 3.95 0 cm-i, 

= 3.595 cm“i; r” 

= 1.029 A, 


r; 

= 1.079 A. 



CHD: 

B': 

= 5.383 cm-i, B'^ 

= 4.803 cm-i;r'^ 

= 1.034 A, 



= 1.089 A. 



13 CH 2 : 

B’’ 

= 7.79 cm-i, b; : 

= 6.89 cm-i; r'^ = 

1.036 A, 


r; 

— 1.10 2 A. 




The molecule is assumed to be linear in both states. 

The second transition lies in the region from 6000 to 9000 A 
and consists of bands which are very similar in structure to the 
well known a-bands of NH 2 . The bands have been assigned by 
Herzberg to a ^ B i ^ A^ transition and involve a lower state in 
which the molecule is bent (r'' = 1.12 A, 9" = 103.,°) and an 
upper state in which the molecule is linear (r„ = I.O 4 A, 0 = 
180°). 

Since the triplet and singlet bands are both observed in ab¬ 
sorption it is clear that there cannot be any large separation in 
energy between the lowest triplet 2“) and the lowest singlet 
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( Ai) state. From indirect evidence based on the behaviour of 
the two band systems when the initial diazomethane is mixed with 
various ratios of inert gas, Herzberg concluded that the "obser¬ 
vations point rather definitely to as the lowest state." This 
conclusion is in agreement with the recent valence-bond calcula¬ 
tions of Jordan and Longuet-Higgins [25]. To obtain an 
e^erimental value for the energy separation between the lowest 
singlet a,nd triplet states it will be necessary to obtain (i) an in¬ 
tercombination system, which unfortunately is likely to be ex¬ 
tremely weak, (ii) mutual perturbations of the rotational levels 
0 a singlet and a triplet state—cf. the recent determination [2] 
poiuid state of the Cj molecule, or (iii) Eydberg series 
of smg]£t and triplet terms to a common ionisation limit. It is 
m eresting to note that Herzberg [15] has recently reported a 
Rydberg series of CHa converging to an ionisation limit at 

10.396 ev), the first member of the series being 
the 1415 A band discussed above. 


NH, 


The earlier analysis by Dressier and Ramsay [13] of the 
well-lmown Q-bands of NH^ and ND, has been extended recently 
y aton, Johns and Ramsay [l4], particular emphasis being 
pven to the long wavelength end of the band system. The transi- 
1 which the molecule is bent (r” = 

1 • T- ^ excited state in which the 

The relation between 

toe^ states IS iMicated by the potential energy diagram given 

(Ov’ consists of a long progression 

^^>^2 >01 10,0,0) of the bending vibration in the excited state 



Figure 
effect, 
r is the 
tion. 


curves for (a) smalI Renner 
(b) large Renner effect. The coordinate 
normal coordinate of the bending vibra- 
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and a subsidiary progression ( 1 ,V 2 , 0 ) (0,0,0) in -which one 

quantum of the symmetric N-H stretching vibration is also excited. 
In the recent work -weak bands have also been observed in absorp¬ 
tion from the (0,1,0) level of the groimd state = 1497.3 cm.-^ 
for 1012 ). Furthermore the principal progression has been ex¬ 
tended to the first member at the long wavelength end of the 
spectrum which is foxmd to be the (0,1,0) <— (0,0,0) band and 
not the (0,0,0) ^ (0,0,0) band as may have been expected. The 
reason for the absence of the (0,0,0) ♦— (0,0,0) band is rather 
involved buthas been discussed in detail by Dressier and Ramsay. 

One of the principal reasons for the continuing study of the 
NHj spectrum is that it affords extensive information concerning 
the coupling of electronic and vibrational motions. The theory 
of this coupling in NHa has been discussed by Popleand Longuet- 
Higgins [ 34 ] and in the recent experimental work many more 
vibronic levels have been identified so that altogether 56 vibronic 
levels of NHj and 47 vibronic levels of ND 2 have been character¬ 
ized experimentally. In particular all the predicted low lying 
vibronic levels for NHj with V 2 = 1,2,... 5 have now been 
observed. 

CH3 


The earlier work byHerzberg and Shoosmith [18] on the ab¬ 
sorption spectrum of CH 3 has been considerably extended by 
Herzberg [I 6 ]. A much stronger source of the spectrum has been 
obtained by the flash photolysis of a mixture of diazomethane and 
hydrogen and altogether 12 bands of CH 3 and24 bands of CD 3 have 
been reported. The bands fall into three Rydberg series, desig¬ 
nated y and 6 by Herzberg, allconverging to a limitat 79392 ± 
5 cm-i (9.843 ev)for CH 3 and 79315 ± 5 cm-^ (9.833 ev)for CD 3 . 
Three of the band groups for CD 3 at 2144, 1500 and 1385 A and 
one of the CH 3 bands at 1500 A show discrete rotational fine 
structure, -while the other bands are diffuse. The sharp bands 
all display a slight alternation in the intensities of successive 
rotational "lines" consistent with the assignment of a planar or 
nearly planar structure to at least one of the two combining 
states. Since each electronic transition consists of only one 
strong band, it is clear that there is no appreciable change in 
geometric structure in any of the observed transitions, i.e., the 
molecule is either planar or very nearly planar in all observed 
states. Herzberg estimates that the maximum departure from 
planarity consistent with the ^ectroscopic observations is “lO", 
corresponding to a pyramid height of 0.18 A. 

By rotational analysis, Herzberg has shown that the 2144 
band oi CD 3 and the 1500 A bands of CH3 and CD 3 (5i-X) 
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are all parallel type bands. The 1383 and 1385 A bands of CD 3 
(52 -X and'y 2 -X) appear to be parallel and perpendicular type 
bands respectively but no detailed analyses have yet been carried 
out. The rotational constants which have been obtained, corre¬ 
spond to the moment of inertia of the methyl radical about an 
axis perpendicular to the three-fold axis of symmetry and are: 


CH 3 

CD 3 

X 

9.57 cm-i 

4.703 cm“^ 

h 

- 

4.41s cm-i 

5i 

10.72 cm-i 

5.187 cm-i 

If the molecule is assumed to be planar 
states the corresponding bond lengths are: 

in each of the three 


CH 3 

CD 3 

X 

I.O 80 ^ 

1.079o A 


- 

1.124 A 

h 

1.020 A 

1.042 A 


From simple theoretical considerations the ground state of 
tte molecule, if planar, is expected to be a state, and this 
indeed is m agreement with the ’’sign" of the observed intensity 
alternation. The three principal series have been assigned by 
Herzberg as follows: 


0 series: (al)^ (ai)2(ey (nsa’i), 'a; - (al)2(a’i)2(er (a’a’), 

^series: (ai)^ (ai)2(eV(nde"), ^E" <-(ai)2(al)2(ey (a'^'), ^A^' 

5 series: (al)2(al)2(e’)^{nda’i), 'a; (al) Vi)Hey {a' 2 '), ^A’^ 

It IS interesting to note that none of the other Rydberg states 
excitation of the a'^ electron to np and nd orbitals 
has an allowed transition with the ground state, 

HCO 


of Rci® “easurements on the 4500-7500 A absorption system 
’ f, ' 7 ®®tigated by Herzberg and Ramsay [17], have 
been recently extended by Johns and Ramsay [23]. The transition 
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involves the excitation of the radical from the ground state in 
■which it has a bent configuration (S” = 119.5°) to an. excited state 
in which the equilibrium configuration is linear. The spectrum 
thus consists principally of a long progression of the bending 
vibration in the excited state ( 0 ,V 2 ,0) •<— (0,0,0). The main 
aim of the recent work 'was to attempt to decide experimentally 
■whether the electronic transition is as postulated by 

Herzberg and Ramsay or ^A" - ^A' as predicted by Walsh [38]. 
In an earlier re^view article the author [35] suggested that HCO 
might afford an example of the Renner effect in the same way as 
for MH 2 . Thus the two combining states of HCO maybe regarded 
as being derived from a ^11 state. On bending, the potential 
energy increases if the lone tt electron remains perpendicular to 
the plane of bending, but the potential energy decreases if the 
lone V electron lies in the plane of bending. In the latter case 
the molecule is eventually s^tabilised in a bent configuration (see 
Figure lb). The upper state of the molecule isthus only’’half a n 
state" and the transition may be designated ^ A"I1 <- 

In the recent work Johns and Ramsay have been able to 
extend the main progression to lower quantum numbers (to V 2 = 

3 for HCO and V 2 = 5 for DCO). They have also been able to 
observe weak transitions to levels involving v'l and V 3 in addition 
to "hot" bands involving one quantum of V 2 . By extrapolating the 
principal progressions of HCO and DCO to their origins, Johns 
and Ramsay have shown that the isotope shifts between the extra¬ 
polated (OOO)-(OOO) bands can only be explained if the assignment 
for the transition is ^A"!! <— ^A' and wo^ ■*— ^A”. It should 
be noted that the revised assignment also necessitates that the 
values for V 2 given by Herzberg and Ramsay be reduced by one. 
Little direct information concerning the presence or absence of 
a Renner effect hasbeen obtained since all of the vibronic levels 
in the upper state, except the S levels, are predissociated and 
give rise to diffuse bands. 

It is interesting to note that the assignment of the ground 
state as a 2 A' state receives independent support from the recent 
electron spin resonance measurements of Adrian, Cochran and 
Bowers [l]. These results cannot be explained on the basis of 
the alternative assignment. 

HNO 

Further work has been carried out both on the emission [8] 
and absorption [ 3 ] spectrum of HNO in the 5500 to 10,000 A region. 
The emission spectrum ■was excited by the reaction of hydrogen 
(or deuterium) atoms with nitric oxide and twelve bands of HNO 
and eighteen bands of DNO wereobserved. Two of the HNO bands 
and three of the DNO bands show a sharp breaking-off in the K- 
rotational structure due to predissociation of the molecule in the 
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excited state (see Fi^re 2). These results provide the first 
example of the breaking-off in the rotational structure in the 
emission spectrum of a polyatomic molecule and afford upper 
limits for the energies of the reactions H + NO — HNO (Do < 
17,000 cnr-i) and D + NO DNO (D^ < 17,190 cm-i). Clyne 
and Thrush [9] have shown that the activation energies for these 



HNO 


DNO 


Figure 2. Emission bands of HNO and DNO produced b/ reacting H (or D) 
atoms with NO, The bands were photographed with a three-prism glass 
spectrograph,J/IO camera and hypersensitized l-N plates. The exposure 
times are (a) 20 min, (b) 2 hr, (c) 20 min, (d) 3 hr. A neon lamp was used to 
provide the reference spectrum. [Reproduced from a paper by M. J Y 

S the JoSrnln (’961),by kind permission 


recombination reactions are very small hence the limits quoted 
above wiU correspond quite closely to the true dissociation 
energies. 

A potently energy diagram for HNO showing the known 
states and their probable dissociation products is given in Fig¬ 
ure 3. It is assumed that the four states arising from the com- 
bimtion H( S) 4 NO(^II) give rise initially to repulsive potential 
surfaces. When any one of these surfaces meets a potential sur¬ 
face of one of the stable states having the same symmetry species 
(A or A ) and the same multiplicity, there will be a strongly 
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"avoided crossing." In addition there may be weak interactions 
between states of different multiplicity. The predissociation in 
the ^A" state at -17,000 cm-i is thus caused either by the repvil- 
sive ^A" state or by one of the triplet states ^A' or ^A". 

In an attempt to determine the strength of the predissociation, 
the absorption spectrum was reinvestigated by Bancroft, Hollas 
and Ramsay [3] using much longer absorption paths than in the 



Figure 3. Potential energy diagram for HNO. The *A state is predicted 
theoretically but has notbeen characterizedexperimentally. There are sorne 
avoided crossings which are discussed in the text but are not shown in the 
diagram. [Reproduced from a poperby J. L. Bancroft, J. M. Hollas and D. A. 
Ramsay, Can. J. Phys. 40, 322 (1962), by kind permission of the Journal.] 

earlier work of Dalby [lO]. Seven new bands of HNO and six new 
bands of DNO were found butinonly one band, viz. the (lOl)-(OOO) 
band of HNO, was any evidence of diffuseness found. The rota¬ 
tional lines of this band were found to be slightly diffuse, the 
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maximum observed line width being -0.7 cm-^. This observa¬ 
tion gives a value for the lifetime of the molecule in the excited 
state, viz. t~ 7.6 xlO -12 sec, which corresponds to ~650 N-H 
stretching vibrations. The predissociation is therefore weak, 
though it is not possible to decide whether the predissociation is 
in fact allowed and caused by the ^ A" state or spin forbidden and 
caused by one of the triplet states ^A' or ^A". 


BO 2 , NCO and N 2 O+ 

These three species, in addition to CO 2 and CS 2 which have 
been studied earlier, form an interesting class of molecules of 
the general type ABC (or AB 2 ) with 15 valence electrons. Ac- 
cordingto molecular orbital tlieorythe ground states should have 
the configuration 


... (cru)^(7T,,)'‘(7rgf, ^ng(i) 

while the first two excited states may be written 
... (cr^f(TrJ^(iTg)'*, ^nji) 

... (aj ^ Su 

The transitions ^IIu- ^Ilg and are allowed while the 

transition ^ ^ is forbidden. The g and u symbols should 

of course be deleted if the molecule does not have a center of 
symmetry. Both transitions [4,29] have been observed for CO 2 
but only the transition [5] has so far been analysed 

for CSJ. 

In the more recent work, Dixon [11,12] has observed both 
transitions in absorption for NCO and Johns [22] has likewise 
observed both transitions for BO 2 . In the former experiments 
the NCO radicals were produced by the flash photolysis of HNCO 
or CjHjNCO, while in the latter experiments the bands were 
observed following the flash photolysis of mixtures of BCI 3 and 
O 2 . For N 2 0''^, the spectrum was observed in emission by 
Callomon[ 6 ]usii:^ a hollow cathode discharge lamp and bands of 
the n system were investigated. For all the above sys¬ 

tems detailed rotational and vibrational analyses were carried 
out. In all observed states the molecules are linear. 

An interesting result which emerges from the analysis of 
the NCO and BOj bands concerns the Renner effect. Both mole¬ 
cules exhibit small Renner effects (see Figure la) in their ground 
states (e = -0.18 for NCO, £ = -0.20 for BO 2 ) while even smaller 
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Renner splittings are found in the A ^IIu stateof BO 2 {£ = -0.027). 
For both molecules the splittings produced by the coupling of the 
electron spin to the axis of the molecule are comparable to the 
splittings produced by the coupling of electronic and vibrational 
angular momenta. A theory which treats the coupling of A, £ and 
S has been given by Pople[33]and gives a satisfactory interpre¬ 
tation of the observed levels. In the ^ S vibronic levels unusually 
large splittings of the rotational levels are found, such that the 
spin splitting constant 7 may be comparable to or even larger 
than the rotational constant B. Hougen [ 20 I has shown theoreti¬ 
cally that this phenomenon is a natural consequence of the Renner 
effect. 


NO 3 


The blue color which is formed when NO 2 is treated with 
ozonised oxygen has been attributed to the NO 3 molecule. The 
absorption spectrum was first studied in detail by Jones 
Wulf [24] and has recently been reinvestigated by Ramsay [36] at 
high dispersion. Approximately 20 bands were observed in the 





Figure 4. Absorption bands of NO 3 formed by reacting NO 2 with ozonized 
oxygen. The bands were photographed using a Hilger E 1 spectrograph with 
glass optics and absorption path lengths of several meters. The strongest 
bonds in the spectrum of N ^^03 are shown in (a). Some of the weaker 
bands, photographed with a longer absorption path are shown in (b). For 
comparison purposes, a similar region in the spectrum of N is shown in 

(c). The reference lines in (b) and (c) are provided by an iron hollow 
cathode lamp. The numbers below the bands are vacuum wave numbers. 
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region 6650 to 5000 A (see Figure 4), all of which were found to 
be diffuse under the resolution afforded by a 21 ft, concave grat¬ 
ing spectrograph. The observation of diffuseness indicates pre¬ 
dissociation of the molecule in the excited state and gives an 
upper limit for the dissociation energy of the molecule, viz. 

s 15100 cm ^ =5 43,2 kcal/mole = 1.87 ev). A small isotope 
shift was observed when N ^^02 was used as the starting mate¬ 
rial (see Figure 4c), proving that the molecule responsible for 
the spectrum does indeed contain one or more N atoms. The 
shift however is too small to permit a determination of the num¬ 
ber of N atoms present by the use of mixed isotopes. The as¬ 
signment of the spectrum to the NO 3 molecule is thus based 
largely on circumstantial evidence but nevertheless this assign¬ 
ment appears plausible and will be adopted for the present dis¬ 
cussion. 

The strong band at the long wavelength end is imdoubtedly 
the ( 0 - 0 ) band, and the bands at 16039, 16965 and 17886 cm-i 
presumably form a short progression in the symmetric stretch¬ 
ing vibration . The spectrum has been assigned by Walsh [39] 
to the transition 

...(eV(a;)^ (eT(a;), V, 

in which an electron is excited from an e^ to an a 2 orbital. Since 
both of these orbitals are predominantly non-bonding between 
the Nando atoms, no large change in N-O bond length is expected 
to accompany the transition. Since the a^ orbital is 0 {—> 0 
^tibonding and the orbital is 04—>0 bonding a small increase 
in bond length is expected in the excited state. These consider¬ 
ations are in accord with the short progression observed for Ui . 
Walsh assumed that the molecule has a planar configuration in 
both states, hence no excitation of the symmetrical bending vi¬ 
bration 1^2 is expected on the basis of the Franck-Condon princi¬ 
ple. Moreover such transitions are forbidden by the vibronic 
selection rules viz, E^a 2 = 4 ^ 2 . a\ = A 2 , 

It is tempting to conclude that the remaining unassigned 
bands in the NO3 spectrum are due to transitions involving the 
excitation of 1/3 or 1/4 or both, and combinations of these vibra¬ 
tions with and 1 ^ 2 . If the state has E' symmetry, a dis¬ 

tortion of the molecule from a symmetrical configuration is 
ejected on account of the Jahn-Teller theorem [ 21 ], Such a 
distortion, howeTCr, can only be small since no long progressions 
are observed. For small distortions, theory 
Pryce and Sack [2 6 ], Moffitt 
Thorson [28J) that progressions of tte antisymmetric vibra¬ 
tions should be characterised by vibrational intervals of the type 
large, small, large ---. For example if we assume that k^ = 0.2, 
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where is a parameter denoting the distortion of the molecule 
from the symmetrical configuration, then successive vibrational 
intervals are predicted to be in the ratio 1:0.769:0.949, etc. 
Moreover the intensity falls off rapidly with increasing vibrational 
quantum number. The high density of weak unassigned bands and 
the general diffuseness of these bands does not permit unique 
vibrational assignments. Hence no definite conclusions can be 
reached concerning the presence or absence of a Jahn-Teller 
effect in the NO 3 molecule. 

CONCLUDING REMARKS 

It is worthwhile to consider the advantages ^d limitations 
of electronic spectroscopy as a means for studying polyatomic 
free radicals. It is clear from the above discussion that a large 
amount of detailed information canbe obtained from high resolu¬ 
tion studies of the spectra of small polyatomic free radicals. 
Indeed the only precise information concerning the structures of 
free radicals has been derived from a study of their electronic 
spectra. With larger free radicals the spectra are more complex, 
the analyses are more difficult, and data on several isotopic 
species are necessary for complete structural determinations. 
It should not be too difficult, however, to obtain very accurate 
values (± 0.003 ev) for the ionisation potentials of many of these 
radicals by the study of Rydberg series in the vacuum ultraviolet. 
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FEATURES AND REGULARITIES IN RESEARCH 
OF DIATOMIC MOLECULAR SPECTRA 


Rafael Grinfeld 
Department of Physics 
University of La Plata 
La Plata, Argentina 


Th.6 band spsctra of soni6 380 noutral diatomic moloculos 
and about 30 ionized ones are known at the present tinae,out of a 
possible total of about 5000. In the list, oxides come first with 
known spectra of 69; then homonuclear ones with 46; chlorides, 
hydrides, bromides and fluorides with 35 to 40, sulfides with 24, 

iodides with 28; nitrides with 14. 

About half of those molecular spectra have no rotational 
analysis; about one-third of the total have even no vibrational 
analysis; and perhaps 15 percent are of uncertain identification. 
Less than 10 percent of the spectra include 6 or more known 
band systems. About 40 spectra of isotopic diatomic species 
are known. See Bibliography at the end of the paper. 

The simple statistics given above are obviously insufficient 
information. The author wanted to know what oxides, what 
hydrides, and so forth, have been spectroscopically studied. 
With this aim we constructed a graph in which we locate the 
molecules, spectra of which are known, as a function of the 
atomic number Z of the two components. 

This graph, given in Figure 1, shows interesting features, 
suggesting besides, many new research problems. In Figures 2 
through 10 we give each of the 9 combinations quoted before as 
a function of the atomic number of the elements combining with 
the principal one. 

OXIDES 

Figures 1 and 2 show that no spectra of the following oxides 
were found; a) the alkali metals; b) the actinides, except those 
of Th and U.; c) of Au, in spite of the fact that those of the oxides 
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Figure 1. In this graph each black circle represents a diatomic molecule 
for which band spectra are knov/n,located as a function of the atomic num¬ 
bers of the component atoms. 


of Cu and Ag are known; d) of Ru, Rh, Pd; Os and Ir; of Ne, Kr, 
and Rn. 


HYDRIDES 

a) Up to date no spectra of the hydrides of the lanthanides 
and actinides are known; b) neither of the elements similar to 
Sc, Ti and V; c) in the literature one does not find spectra be¬ 
longing to the hydrides of the following elements Pb; Sb; Se, Te 
and Po; d) no spectra are known of the hydrides of Ru, Rh, Pd; 
Os, Ir and Pt; and so forth. See Figure 3. 


HOMONUCLEAR MOLECULES 


a) No spectra were identified as produced by Sr 2 , Baj, Raj 
while spectra of Caj are known; b) except that of Fej, up to the 
present time no spectra have been found of the homonuclear 
diatomic molecules whose component atoms belong to the groups 
in process of filling-up the 3d, 4d, and 5d shells; c) the same is 
true for the lanthanides {4f) and the actinides (5f); and so forth. 
See Figure 4. 
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Figure 2. The dark rectangles correspond to the elements for which oxide 
band spectra are known. The white circles represent ionized species. 


HALIDES 


There are about 40 binary combinations of each of the fol¬ 
lowing elements F, Cl, Br and I whose band spectra are known. 
Looking into the Figures 5, 6, 7, and 8 one sees a few interest¬ 
ing differences; for example: a) the nvimber of spectra of the 
iodides is only about 2/3 of the known spectra of any one of the 
other halides; b) the spectra of NF and NCI are known, but not 
that of NBr; c) we do not know spectra of NF, PF, AsF while 
those of SbF and BiF were registered; and so forth. 


SULFIDES AND NITRIDES 

The number of spectra of these combinations are very few. 
Observing Figures 9 and 10 the reader can draw many interest¬ 
ing conclusions. 
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The dark rectangles represent the correspond- 
)nuclear molecules for which band spectra 
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Figure 5. The dark rectangles correspond to the ele¬ 
ments for which fluoride band spectra are known. 



Figure 6. The dark rectangles correspond to the elements 
for which chloride band spectra are known. 
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Figure 7. The dark rectangles correspond to the elements 
for which bromide band spectra are known. 



Figure 8. The dark rectangles represent elements for 
which iodide band spectra are known. 
















































































































RESEARCH OF DIATOMIC MOLECULAR SPECTRA 


603 



Figure 9. The dark rectangles represent elements for 
which nitride band spectra are known. 



Figure 10. The dark rectangles represent elements for 
which sulfide band spectra are known. 
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IONIZED MOLECULES 

On each of the given figures, we put a white circle on the 
square of the elements of which the spectra of the ionized com¬ 
bination are known. The number is too small to draw general 
conclusions. The same is true in the case of spectra of isotopic 
species. 

CONCLUSIONS 

a) It seems logical to expect that many new spectra of neu¬ 
tral diatomic molecules can be excited using sources and con¬ 
ditions analogous to those successfully employed with molecules 
composed of like atoms, as pointed out above; b) the previous 
statement appears applicable to isotopic species and to ionized 
molecules; c) Figure 1 suggests that a systematic study of those 
problems will be fruitful; d) the attack on the problem of excit¬ 
ing spectra of the hydrides and halides of the lanthanides looks 
to be of real import^ce. We in La Plata have started this with 

e hydrides, and with systematics of rotational and vibrational 
constants. 
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THE METHODOLOGY OF THE MEASUREMENT AND 
REPRESENTATION OF FLUORESCENCE SPECTRA 


Giorgio Nebbia 
Istituto di Merceologia 
Universitd di Bari 
Bari, Italy 


The availability in the recent years of commercial instru¬ 
ments for spectrofluorimetric measurements has broadened the 
interest in the use of fluorescence spectra in physical chemistry 
and in analytical chemistry. 

The spectral distribution of the fluorescence emission radi¬ 
ation is a physical and absolute characteristic of a given sub¬ 
stance. The fluorescence emission intensity at a given wave¬ 
length depends, on the contrary, on many features such as the 
intensity and the spectral distribution of the exciting radiation, 
the geometry of the path of the excitii^ and emitted fluorescence 
radiation, the characteristics of the detector, the concentration 
of the substance and the nature of the solvent, and the quantum 
yield of the solution. A fluorescence emission spectrum, there¬ 
fore, is useful for qualitative considerations; its use for quanti¬ 
tative analysis is possible only for an operator with a given 
instrument. For physico-chemical puii^oses the qualitative aspect 
of spectrofluorimetry is generally sufficient; for the analytical 
chemist there is an interest in obtaining fluorescence emission 
spectra which are the same on different instruments. In this 
paper an attempt is made to give a contribution to this problem, 
developing the results presented in a previous paper [l]. 

The goal of this work is to advance fluorescence spectros¬ 
copy to the position in which absorption spectroscopy is to-day. 
The problem is, however, difficult because there are many 
variables in fluorescence spectroscopy which cause great errors 
in the fluorescence emission spectra; this does not happen in 
absorption spectrosccpy which depends simply on the measure¬ 
ment of the ratios of two light intensities, but it must not be for¬ 
gotten that absorption spectroscopy itself was bom as a 
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semiquantitatiYe technique when the photographic method was 
used. Fluorescence spectroscopy can become much more accu¬ 
rate than at the present. 

The present suggestion is based on the measurement and 
representation of the fluorescence emission spectrum of a given 
substance "against" the fluorescence emission spectrum of some 
reference compound. 

The suggestion of using a comparisonbetween the intensities 
of the fluorescence at a given wavelength of a compound and the 
fluorescence of quinine sulphate at the same wavelength was 
presented in a paper by Kortiim and Finckh as early as in 1941, 
using a photographic technique. For the comparison of fluores¬ 
cence emission spectra of different compounds and for obtaining, 
therefore, reproducible fluorescence spectra, it is necessary to 
measure in the same experimental conditions and at the same 
time the fluorescence emission spectra of a given solution of the 
compound imder examination and of a solution of the reference 
compound at a known concentration, and to express and compare 
the results in arbitrary units, for instance as energy per unit 
wavelength interval or as quanta per imit frequency interval. 
Both toe spectra must be corrected, following the same proce¬ 
dure, in order to take into account the different sensitivity of the 
detector to radiation of different wavelengths and other variables. 
The comparison between the intensities of the fluorescence at 
given wavelengths may give toe concentration of the compound 
under analysis if a specific fluorescence intensity ratio has been 
obtained in preliminary trials. If the method proves reliable it 
IS possible to egress the fluorescence intensity of a compound 
a a given wavelei^th in terms of the fluorescence intensity of 

1 compound at the same or at another wave¬ 

length. 


The experimental data so far available show that there are 
many sources of errors and discrepancies between the results 
01 different workers using different instruments, even though 
toe spectra have been corrected and presented in absolute units. 
ma.in sources of discrepancies seem to be the impurity of 

var^dnSSrf self-absorption of the fluorescence, 

analyzing monochromator, and the dif- 
cenc?emi^^!w“^^ a precise correction curve. Most fluores- 
corrected at all ^ appear in toe literature are not 

^ that fluores- 

accurate urennraf^ make some progress only through an 
sneSfwKt comparison and representation of the 

obtaininff thi^ measured with the various compounds. For 

^ectrofluorimetric measure- 

reviewed F'Rl ^ ® kept into account have been recently 

reviewed [3] ard are the lollowmg: (a) the experimental 
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measurement conditions, (b) the correction procedure and (c) the 
characteristics of the reference compound. 

The following experimental conditions must be kept into ac¬ 
count and possibly stated together with every fluorescence emis¬ 
sion spectrum: (1) The nature andpurity of the exciting radiation. 
It is necessary to state the source of radiation (if a xenon or 
mercury lamp is used) and its spectral distribution; if filters 
are used their transmission characteristics; if a monochromator 
is used to isolate the exciting radiation the band width, or half 
band width, of such radiation must be noted. A great amount of 
work has been done using the 366 mju (2.73 radiation; the 
popularity of this exciting radiation is due to the fact thatat this 
wavelei^th a very intense line exists in the mercury i^ectrum, 
that this line can be readily isolated, and that many compounds 
emit fluorescence radiation ata wavelei^thgreater than 366 m/u. 
For comparison purposes the same source must be used for the 
compound under analysis and for the reference substance. The 
purity of the exciting radiation is undoubtedly a very important 
point, especially when substances with different absorption 
characteristics are compared. (2) The type of analyzing 
monochromator and the band widths at a given appropriate 
wavelength. (3) The geometry of the cell containing the solution 
and of the light beam and whether right angle or frontal illumi¬ 
nation is used. It is convenient to specify the path length of the 
fluorescence excitation and emission radiation through the liq¬ 
uid, from the point from which the fluorescence is viewed. (4) 
The substances under examination must be characterized by 
their purity and concentration, the purity of the solvents, the 
optical density of the solutions at the excitation and fluorescence 
wavelengths and the temperature. 

The measurements are usually carried out by causing the 
fluorescence emission radiation to enter the analyzing mono¬ 
chromator, fixing an exit slit which allows to pass a portion of 
the fluorescence emission spectrum of a stated band width at a 
givenwavelength, and measuring the amoimtof radiation received 
by the detector (if a usual spectrophotometer is used the read¬ 
ings on the transmittance scale are taken) which represent in 
arbitrary units the energy per mit wavelength interval. This is 
the fluorescence emission spectrum. In order to obtain 

the true fluorescence emission spectrum the apparent one must 
be corrected. Such correction is necessary because, usually, 
with constant exciting radiation intensity, the analyzing mono¬ 
chromator is scanned at constant slit width; the correction takes 
into account the changes of the detector sensitivity with frequency 
of the incident radiation and therefore of its electrical response, 
and the band width and the transmission of the analyzing mono¬ 
chromator. 
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A procedure for the correction of the fluorescence emission 
spectra has been indicated by Kortum and Finckh [2] in 1941 and 
has more recently received further development by other au¬ 
thors [4,5,6]; the present status of the problem has been recently 
reviewed by Parker and Rees [3]. The correction can be done 
essentially in three ways: (a) by using a tungsten lamp which 
emits radiation of known spectral distribution; (b) by using a 
calibrated detector and (c) by comparing the apparent fluores¬ 
cence emission spectrum of a given compound with the accurately 
corrected i^ectrum of the same compound. 

In all these methods a series of coefficients, at the various 
wavelei^ths,are obtained; by multiplying the apparent qpectrum 
by these coefficients the corrected spectrum, in arbitrary units, 
is obtained. The first method is the most largely followed and 
the third one has been recently suggested by Lippert and cowork¬ 
ers [7] and by Melhuish [8]. If the correction curve is prepared 
using a tungsten lamp it is necessary to keep into account the 
type, color temperature, and filament characteristics, and on 
the basis of these data it is possible to calculate fairly well the 
^ectral emission curve of the source, from the laws of the 
black-body emission radiation. Usually, at a given slit width of 
the analyzing monochromator, the response of the detector to 
the tungsten lamp radiation is recorded and the values of the 
correction factors f are obtained by dividing, at each wavelength, 
the ^ectral emission curve of txmgsten at the color temperature 
of the lamp by the detector response to the tungsten lamp radi¬ 
ation. It must be noted that this correction procedure applies 
o^y in tte visible range. It is thus possible to obtain a series 
of co^icients f^; by multiplying the apparent fluorescence 
emission intensity of a substance at a given wavelength by the 
corresponding correction coefficient one obtains the corrected 
luore^ence emission intensity in energy per unit wavelength 


P^ker and Rees [3,6] have suggested that to be of maximum 
value the spectra should be reported in terms of quanta per imit 
r^uency iiherval (arbitrary units) and this is obtained by mul- 
1 if intensity, in energy per unit wavelength 

ififf ®®“'^eaient frequency unit the "reciprocal 

micron” (p-i) can be used, 

obtaining quantitative fluorescence 

^issmn ^ectrarefersto the reference compoundor compounds. 

reference compound include: it 
structurplp<ff ^ fluorescence ^ectra which are 

f frequency range as possible, 

restricted a reference compound is inevitably 

• The reference compound must be a solid 
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which can. be readily and cheaply prepared in a pure state of 
precisely known composition. It should be stable to air and light 
both as a solid and in solution; it should be soluble in water (acid 
or alkaline); it must hare high fluorescence efficiency and little 
absorption-fluorescence overlap. The composition of thefluores- 
cent reference solution should be checked by recordii^ the optical 
density at the wavelength for excitation. The major part of the 
work has been done so far using as fluorescence standards acid 
solutions of quinine sulphate, although this compound is far from 
possessing all the ideal requirements. 

Generally, as a starting material, quinine bisulphate is used, 
^20^^24®2N2‘H2S04*7H20,mol.w.548.6. The absorption of such 
compound in 0.1 N H^SO^is shown in Figure 1. It presents two 
maxima, one at 346 m/x (Ej^'^lOO)and one at 248 mju 555). 

The value at 366 mp is 62 and such value is in good'^i^ree- 
mentwith the one given by Parker and Rees [6]. Melhuish [8] in 
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Ms work on the preparation of a corrected spectrum of quinine 
sulphate used quinine bisulphate dried at 100°C; Lippert and co¬ 
workers [7J startedfrom quinine base. Lippert and co-workers [7] 
have extended the range of possible fluorescent reference com¬ 
pounds by suggesting four other compounds; 4-dimethylamino-4' - 
nitro-stilbene to be used .in o-dichlorobenzene solution; m- 
dimethyl-amino-nitrobenzene in a solvent mixture (v/v) of 70% 
hexane and 30%benzene; 3-amino-phthalimide in 0.1 N HjSO.; and 
w in 0.1 molar standard acetate buffer Merck, p- 

Naphthol, however, requires an exciting radiation at 313 mjU 
td.ia /X ), In their paper, Lippert and coworkers give directions 
® P^®Ph-ration and purification of the suggested compounds, 
presentpaper a comparison is presented between two 
^ procedures and then an attempt is made to 

0 am qu^titative"fluorescence emission spectra with anthra- 
cene,m-dimethylamino-nitrobenzene andriboflavine, against the 
spectoaof quinine sulphate, measured with the same experimental 
conditions. The failure or success in obtaining the solution of 
me problem will give some information on the line to follow in 


Speetrophotome ter 

A Beclman DU Spectrophotometer with a line -operatedpower 
supp y and 1P28 photomultiplier tube has been used. 

Spectral Fluorescence Attachment 

emission spectra have been obtained using 
me Beckm^ 22850 Spectral fluorescence attachment illustrated 
in rigure 2. The radiation from a Beckman 2260mercury vapor 
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lam p (L) is filtered thirov^h a Comity Glass Filter No. 5840 (F) 
and reaches, with an incidence angle of about 20°,the silica cell 
(V) 1.0 cm. deep containing the fluorescent sample. The reflected 
fluorescence emission radiation enters the monochromator and, 
after havingpassed through the prism, its spectrum is projected 
against the slit U and a narrow band reaches the photomultiplier 
R. The band width vs. the slit width at various wavelengths for 
the apparatus is shown in Figure 3, which has been prepared on 
the basis of the data supplied by the manufacturer. The photo¬ 
multiplier re^onse is read on the transmittance scale. The 
maximtun response is regulated by the width of the slit. 



Purity of the Exciting Radiation 

The purity of the exciting radiation has been determined by 
fining the cell (V) with distilled water and collecting the reflected 
light at various slit openings of the analyzing naonochromator. 

Balancing the spectrophotometer circuit with the same con¬ 
ditions in which the fluorescence measurements are made, the 
energy response has been measured on the transmission scale. 
The results are contained in Figure 4 and show that, with the 
lamp-filter combination used, no appreciable radiation is ob¬ 
served at wavelengths greater than 400 m/i, even with the larg¬ 
est slit width used, 1.5 mm, corresponding to a half-band width 
of 150 mp at 400 m/j,. 

Calibration for Spectral Response 

It has been previously discussed that the response of the 
photomultiplier to an erual-energy spectrimi is a function of the 
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spectral transmission of the monochromator and of the spectral 
response of the cathode of the photomultiplier. For correction 
of the apparent emission spectra two procedxires have been 
followed: (a) the observed spectral response of the instrument 
to a tungsten filament lamp operated at a known colour tempera¬ 
ture was compared with the calculated energy distribution of the 
lamp spectrum; (b) the observed spectral response of the instru¬ 
ment with reference compounds has been compared with the 
corrected fluorescence spectra of the same compoiinds, reported 
in the literature. For the first procedure, the light of the tung¬ 
sten lamp of the Beckman DXJ Spectrophotometer, operated at 
6 volts, was used in conjunction with the fluorescence attachment 
shown in Figure 2. It has been assinned that the tungsten lamp 
gives a black-body radiation at a color temperature of 2890°K. 
The spectral distribution of such radiation is indicated as 
and is shown in Figure 5. 

The light of the lamp was reflected by the cell V filled with 
distilled water and placed in the same position in which, during 
the fluorescence measurements, the cells containing the fluores¬ 
cent solutions are placed. The reflected light follows the same 
light path followed by the fluorescent emission light and this 
enables the spectrophotometer to be calibrated at a light inten¬ 
sity level comparable to that generated by the fluorescent com¬ 
pounds. If I is the measured response of the photomultiplier 
to the reflected tungsten radiation at the various wavelengths, a 
calibration factor f can be defined as 



These figures were, for convenience sake, all corrected to f = 1 
at 520 mju. and are contained in Figure 5. The second correc¬ 
tion procedxire consisted of the comparison of apparent fluores¬ 
cence i^ectra of some reference compounds with the corrected 
spectra of the same compoxmds. Lippert and coworkers [7] have 
reported a number of corrected fluorescence spectra and have 
kindly made available the reference compounds. The fluores¬ 
cence emission spectra of quinine sulphate in 0.1 N H 2 SO 4 , of 
3 -amino-phthalimide in 0.1 N H 2 SO 4 , and of m-dimethylamino- 
nitrobenzene in 70% hexane and 30% benzene (v/v) have been 
measured. The photomultiplier response on the transmittance 
scale gives the energy per unit wavelength interval (in arbitrary 
units); such figures have been converted to quanta per unit fre¬ 
quency interval (uncorrected) by multiplying by The data so 
obtained, represented as Q/Q „,ax> together with the corrected 
spectra reported by Lippert and coworkers [7] and by Melhuish [ 8 ], 
are represented in Figures 6 , 7, 8 . 
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Preparation of the correction coefficients I, ore 
the spectra responses of the photomultiplier to the radiation of 

E Sh" the cellfilled with distil led water. 

xare the values of the spectral distribution of the energy from 
a tungsten amp, calculated by the black-body radiation \aZ 
for a color temperature of 2800'’K. uianon laws 


wnrtoic frfj Obtained for quinine sulphate by Lippert and co- 

J ono-ti^f the data of Melhuish [8], who also 

d suggested this compound as a fluorescent standard and pre- 
sented a corrected fluorescence spectrum. The values of t^e 
corrected spectra have been divided, wavelength by wavelength, 
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Figure 6 . Fluorescence emissionspectraofquininesuiphate in 0.1 N H 2 SO 4 . 
Upper graph: uncorrected spectra at concentrations between 20 and 2 
M^ml (average figures). Lower graph: comparision between the uncorrected 
average spectrum and the corrected spectrum, both expressed as quanta per 
unit frequency interval. 


by the xincorrected values obtained in the present measurements; 
it has thus been possible to obtain a series of correction coeffi¬ 
cients f. Such coefficients are somewhat different between them¬ 
selves and from the ones obtained with the tungsten lamp, espe¬ 
cially in the violet region, and are presented in Figure 9. The 
differences may be caused by some uncertainty in the part of the 
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Figure 7 . Fluorescence emission spectra of 3-amino- 
p thdimde in 0.1 N H2SO4. Upper graph: uncorrected 
spectra at concentrations between lOO and 5 /ig/ml (average 
tiguresj. Lower graph: comparison between the uncorrected 
average spectrum and the corrected spectrum, both expressed 
as quanta per unit frequency interval. 


fluorescence spectra which present energy less than 30 % of the 
maximum. In the measurements here described the correction 
coefficients obtained with the tungsten lamp have been used. 
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Figure 8, Fluorescence emission spectra of m-dimethyl-amino- 
nitrobenzene in 70% hexane-30% benzene. Upper graph: uncor¬ 
rected spectra at concentrations between 200 and 100/j.g/ml at slit 
widths of 1.0 mm. (A), and 2.0 mm (B) (average figures). Lower 
graph: comparison between the uncorrected average spectra and the 
corrected spectrum; both expressed as quanta per unit frequency in- 
terva I. 

Fluorescence Emission Spectra of Anthracene 


Asa contribution to the possibility of applying the procedure 
here proposed for obtaining quantitative fluorescence spectra to 
practical problems, the fluorescence emission spectra of 
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Figure 9. Correction coefficients f. Continuous line: calculated from the 
tungsten lamp radiation. A: calculated from quinine sulphate spectra 
(Figure 6). X: calculated from 3-amino-phthalimide spectra (Figure 7). 
O: calculated from rn-dimethylamino—nitrobenzene spectra (Figure 8). 

anthracene have been studied. The anthracene was an analytically 
pure sample audits solutions in ethyl alcohol have been subjected 
to measurements. The absorption spectrum of the substance is 
shown in Figure 10. Solutions with concentrations between 50 and 
10 [Jg/ml have been measured and compared with solutions of 
equal concentrations of quinine sulphate in 0.1 N H 2 SO 4 , meas¬ 
ured with the same experimental conditions. Each pair of ap¬ 
parent fluorescence spectra has been corrected by multiplying 
by the f coefficients and has been represented in quanta per unit 
frequency interval by multiplying by The fluorescence in¬ 
tensity of quinine sulphate solutions has been put equal to lOO at 
2.17 (460 m/x) and the fluorescence spectra of anthracene at 

equal concentration have been correspondingly shifted. 

The results are contained in Figure 11 and show some in¬ 
teresting facts. The best-resolved anthracene spectra are those 
obtained at high concentrations and small band width in the an¬ 
alyzing monochromator. At these high concentrations, however, 
a strong inner filter effect is observed. At lower concentrations 
it is necessary to operate with large band widths in the analyz¬ 
ing monochromator and this brings a much poorer resolution of 
the maxima and the loss of the first fluorescence band, corre¬ 
sponding to the 0-0 transition, at 2.64 ju(380 m/x). 

The present results can be compared with those of Parker 
and Rees [ 6 ]; placing the fluorescence intensity (corrected) of 
quinine sulphate equal to 1.00 at their maximum at 2.21 /x’^ 
(450 m/x), the fluorescence intensities (in quanta per unit fre¬ 
quency interval) of anthracene in their work are: 
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Figure 10. Absorption spectrum of anthracene in ethyl alcohol. 

2.64 M'MSSO m/J.) 1.56 

2.50 m‘M 400 mM) 1.60 

2.37 M'^(420 him) 0.88 

2.26 M‘M440 mM) 0.29 

It may be interesting also to compare the present relative 
heights (corrected) of maxima of anthracene fluorescence spec¬ 
tra (in quanta per unit wavelength interval) with those reported 
in the literature, placing the maximum at 2.50 jU"'- (400 mp.) 
equal to 100 . 
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Figure 11. Uncorrected and corrected fluorescence emission spectra of 
anthracene (A) in ethyl alcohol against quinine sulphate (B) in 0.1 N 
Fluorescence intensities: E, energy per unit wavelength intervalrQ, quanta 
per unit frequency interval • ^ 
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Figure 11. Uncorrected and corrected fluorescence emission spectra of 
anthracene (A) in ethyl alcohol against quinine sulphate (B) in 0.1 N H 2 SO 4 . 
Fluorescence intensities: E, energy per unit wavelength interval; Q, quanta 
per unit frequency interval. (Continued) 
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Kortiim & 

Parker & 

Lippert 




Finckh [2] 

Rees [6] 

etal. [7] 

Melhuish [8] 

2.64 

IX- ‘ (380 rail) 

81 

98 

(72) 

74 

2.50 

IX' ‘ (400 mix) 

100 

100 

100 

100 

2.37 

IX- ‘ (420 mix) 

53 

55 

52 

53 

2.26 

IX- * (440 mix) 

18 

18 

18 

20 


The discrepancies might be due to oxygen quenching; Parker 
and Rees [ 6 ] and Melhuish [ 8 ] have deareated their solutions, 
while in the present work the solutions were not oxygen-free. 
Another source of difference might be due to different resolving 
powers of the optical systems, to self-absorption, and to inac¬ 
curacies in the correction curves due to the fact that the intensity 
of the light emitted by the tungsten lamp in the violet region is 
more sensitive to the precise temperature at which the lamp is 
operated. The widest discrepancies occur in the 2.64 (380 

m/J.) hand where inner filter effect may have a great role, espe¬ 
cially at high concentrations. Parker and Rees [ 6 ] have shown 
ttat with a viewing depth of 0.5 cm. a concentration of 17 hg/ml 
is sufficient to reduce the fluorescent intensity of the first vi¬ 
bration band of anthracene by about one third. 


Fluorescence Emission Spectra of 3-Amino-Phthalimide 

3-aminophthalimide was kindly supplied by Dr. Lippert. 
The product has been used in solution in 0.1 N H 2 SO 4 . 

The fluorescence emission spectra (uncorrected and ex¬ 
pressed in energy per unit wavelength interval) of solutions con¬ 
taining between 100 and 5 /ig/ml, compared with those of quinine 
sulphate in 0.1 N H 2 SO 4 at the same concentrations are shown 
in Figure 12 and clearly show the inner filter effect. The rela¬ 
tive fluorescence intensity increases with the lowering of the 
concentration and this prevents obtaining a quantitative com¬ 
parison in the concentration limits in which measurements have 
been carried out. 

Fluorescence Emission Spectra of Riboflavine 


Riboflavine offers an example of how quantitative fluores¬ 
cence emission spectra can be obtained. Riboflavine and ribo¬ 
flavine phosphate Cj 7 H 2 oN 4 0 gPNa. 2 H 2 0 , mol. w. 514.4, have 
been used and their water solutions have been analyzed. The 
absorption spectrum of riboflavine in water is shown in Figure 13. 
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Figure 14 shows the uncorrected fluorescence emission spectra 
of riboflavin in water and of quinine sulphate in 0.1 N H 2 SO 4 at 
equal concentrations between 20 and 2 jug/ml. (in energy per 
unit wavelength interval). Figure 15 shows the uncorrected 
fluorescence emission spectra of rihoflavine phosphate in water 
and of quinine sulphate in 0.1 N H 2 SO 4 at equal concentrations 
between 20 and 2 Mg/ml(in energy per unit wavelength interval). 
The shape of the spectra of riboflavine and rihoflavine phosphate 
are identical. 

In Figure 16 the upper graph (1) shows the average of data 
of Figure 14 atconcentrationsbetween 10and 2 jug/ml; the central 
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Figure 16. Graph 1 . Uncorrected fluorescence emis¬ 
sion spectrum of riboflavine (A) against quinine sul¬ 
phate (B): average of the figures of Figure 14. Graph 
2 , Uncorrected fluorescence emission spectrum of 
riboflavine phosphate (A) against quinine sulphate (B): 
average of the figures of Figure 15. Graph 3: Cor¬ 
rected fluorescence emission spectrum of riboflavine 
in water (A) against quinine sulphate (B) in 0.1 N 
H 2 SO 4 , both expressed as Q, quanta per unit fre¬ 
quency interval. 
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graph (2) shows the average of the data of Figure 15 at concen¬ 
trations between 15 and 2 jug/ml. The average relative (to 
quinine sialphate) uncorrected fluorescence intensities at their 
maxima for riboflavine and riboflavine phosphate are 105 and 
73, very near to the reciprocal ratio of their molecular weights, 
376 and 514.4, respectively. This demonstrates that in ribofla¬ 
vine phosphate the riboflavine group only is responsible for the 
fluorescence and that the esterification does not change at all the 
fluorescence shape and intensity. The fluorescence emission 
spectrum of riboflavine alone therefore presents interest and 
this spectrum (Figure 16-1) has been corrected with the de¬ 
scribed procedure. 

The corrected fluorescence spectrum, relative to quinine 
sulphate, is shown in Figure 16-3, represented in quanta per unit 
wavelength interval. The fluorescence intensity at the maximum 
at 1.83 (545 mp) is 1.22 times the fluorescence intensity at 

2.17 /x"’’ (460 mp) of a solution of equal concentration of quinine 
sulphate in 0.1 N H 2 SO 4 . This means that the concentration of a 
solution of riboflavine in water can be obtained with the follow¬ 
ing procedure: 

(a) determination of the fluorescence emission spectra of 

the solution and, with the same conditions, of a solution of qui¬ 
nine sulphate in 0.1 NH 2 SO 4 at the concentration c, using the 
exciting radiation at 2.73 (366 m/x); 

(b) correction of the fluorescence emission spectra; 

(c) if the fluorescence intensity (corrected and in quanta 

per unit frequency interval) of the quinine sulphate solution is A 
at 2.17 (460 mp) and the corresponding fluorescence inten¬ 
sity of the riboflavine solution is B at 1.83 (545 mM), the 

concentration x of the riboflavine solution is given by 

c A 

X = -g— 1.22 

if the same units are chosen for c and x and for A and B. 
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TOTAL LUMINESCENCE OF ORGANIC MOLECULES 
OF PETROCHEMICAL INTEREST 

I. NAPHTHALENE, PHENANTHRENE AND 
1,2,4,5-TETR AM ETHY LBENZ EN E 


S. P. McGlynn, B. T. Neely, and W. C. Neely 
Coates Chemical Laboratories 
Louisiana State University 
Baton Rouge 3, Louisiana, U.S.A. 


INTRODUCTION 

The use of pliosphorimetry as an analjrtical tool was first 
suggested and applied by Keirs, Britt and Wentworth [l]. The 
work of these authors demonstrated the feasibility of using spec¬ 
troscopic resolution of phosphorescence and the time discrimi¬ 
nation of a phosphoroscope to identify and quantify the compo¬ 
nents of various binary mixtures. No published work has thus 
far utilized selective excitation techniques (i.e., variation of the 
exciting wavelength) in conjunction with phosphorimetry to simi¬ 
larly identify and quantify components of a mixture; nor has any 
attempt been made to compare the sensitivities of room tem¬ 
perature fluorescence (35 °C), low temperature fluorescence 
(-195.8°C), low temperature phosphorescence (-195.8°C) and 
room temperature absorption (35°C) with regard to their iden¬ 
tification and quantification capabilities. Such is the aim of the 
present work. 

It is well at this time to point out a prejudice of the authors; 
they regard low temperature fluorimetry and phosphorimetry 
as being mutually complementary rather than independent tech¬ 
niques. They believe that maximum usefulness restdts from 
quantification of both the fluorescence, phosphorescence, and 
excitation spectra of the pure components, and that any mixture 
of these luminescent species may then be readily analyz;ed and 
quantified. Only in the rare event that all spectra of two sub¬ 
stances are completely superposable would their mutual analysis 
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in a mixture be rendered impossible by this method, and in this 
case time-resolution of the phosphorescence should generally 
suifice to make it possible again. 

In this investigation the fluorescence (at 77°K in a glass 
matrix and at 35°C in a liquid solution) and the phosphorescence 
of naphthalene, phenanthrene and 1,2,4,5-tetramethylbenzene 
have been studied. The quantification data so obtained have then 
been applied to analysis of a blend in which the ratio by weight 
of these three components was 1:1:1, 

EXPERIMENTAL 

Apparatus 


An Aminco-Keirs Spectrophosphorimeter and an Aminco- 
Bowman Spectrophotofluorometer in combination with an X-Y 
recorder and anRCAlP-28 photomultiplier tube were used to 
obtain spectra and decay curves. The sample geometry for both 
77 °K and SS^'C experimentation is shown in Figure 1. The cylin¬ 
drical quartz tubes employed at the former temperature were of 
2 mm internal diameter, while those used at 35were 1 cm 
square quartz cells. Ultraviolet absorption spectra were obtained 
at room temperature using .a Cary-14 Spectrophotometer with 
both 1 and 0.1 cm quartz cells. 

Materials 

The low temperature glass matrix consisted of EPA obtained 
from the American Instrument Company.* The background lumi¬ 
nescence of this glass was observable only at the most sensitive 
settings of the luminescence metering systems. The room tem¬ 
perature solvent was a Harleco fluorometric grade w-heptane ;t 
there was no observable luminescence and only slight scatter 
from this solvent at room temperature when using the slits em¬ 
ployed throughout this work. 

Procedure 

Excitation and emission spectra, both fluorescence and 
phosphorescence were obtained at 77°K for each of the three 
compounds and suitable excitation and emission wavelengths 
were chosen. A series of solutions of varying concentrations in 
EPA mixed solvent was then prepared for each of the compounds. 


Company, 8030 Georgia Avenue, Silver 
tHartmann-Leddon Company. Philadelphia, Pennsylvania. 



total luminescence of organic molecules 


633 



Figure Left: Sample geometry for phosphorescence at 77°K. This same 
geometry, with the rotating shutter removed, was used for fluorescence at 
77^ K. Thed iagram is self-explanatory. Right: Sample geometry for flu¬ 
orescence at 35°C. The use of polarizers enables one to eliminate scatter; 
they were not used, nor was such use necessary, in the present work. 


The intensity of emission at the optimum •wavelengths was meas¬ 
ured for the individual solutions. To obtain easily reproducible 
and accurate results, it was found necessary to remove the cover 
from the sample compartment of the instrument, and, having 
provided suitable shielding from stray room light, to manually 
rotate the chuck which holds the sample tube until a maximum 
intensity reading was obtained. 

A series of solutions of varying concentration in n-heptane 
was prepared for each compound and emission intensities were 



634 


SPECTEOSCOPY 


measured at room temperature (35°C) for the solutions. No 
difficulties -were encoimteredinthe placement of the 1 cm.^ cell. 

RESULTS 

The phosphorescence decays of the three compounds in EPA 
at 77'“K are shown in Figure 2. The lifetimes are tabulated in 
Table 1. Since all three lifetimes are relatively long and not too 
different, no significant discrimination maybe effected by varia¬ 
tion of phosphoroscope speed. 

The various emission and excitation spectra of the pure 
aromatics are shown in Figures 3, 4 and 5. The wavelengths of 
the maxima of intensities are tabulated in Table 1. A repro¬ 
ducible linear relationship between emitted radiant intensity and 
concentration was found for each of the three compounds. The 
maximum andminimum concentrations which may be accurately 
determined under the conditions of the experiment are shown in 


ia*.5-TCnMNETKyLBENZENE PHEMANTHRENE NAPHTHALENE 



Figure 2. The phosphorescent decay of naphthalene (right), phenanthrene 
(middle), and l/2,4,5"‘tetramefhylbenizene (left). 
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Table 1 


Phosphorescence Lifetimes and Vibronic Peaks^ 


Compound 

'^1/2 

LTFb 

LTPC 

LTEd 

Naphthalene 

1.75 sec 

314m/:x 
327 miLt 
335mfx 
342m/Lf 

463mM 
474mfx 
497 m/x 
^SOmfx 

221in^ 

267 m/x 
275m/x 

282 m/i 

Phenanthrene 

2.6 sec 

348mff 

354m/:i 

363mfx 

382mi^ 

405mp 

462 mix 
470m/Li 

49 8 

538m/x 

305m/x 
325 m/x 
332 m/x 
340 m/t 

Tetramethylbenzene 

4.5 sec 

310mF 

375m/x 

387m/x 

392m/x 

225 m/x 
275m/^ 


3- UnderIineci wavelengths are the most intense, and therefore most 
sensitive analytically. 
bLow temperature fluorescence (77°K). 
cLow temperature phosphorescence (77°K). 
dLow temperature excitation (77°K). 


Table 2, and the working curves are given in Figures 6-8, in¬ 
clusive. It is possible to conclude from the data of Table 2 that 
phosphorimetry (1) is of comparable sensitivity to any of the 
other techniques, and (2) may be used to higher concentrations 
than fluorimetry, presumably because of less self-absorption. 
It is further evident from Figures 3, 4 and 5 that the phospho¬ 
rescence spectrum contains more apparent xeso\\ition than the 
fluorescence spectrum, and that it should, if anything, be a bet¬ 
ter characterization spectrum than fluorescence. 

Analysis of the previously specified blend was attempted. 
It is clear from Figures 3, 4 and 5 that SdOmp excitation should 
produce only phenanthrene emission since neither of the other 
two components absorb in this region. That such is the case is 
very clearly illustrated in Figure 9, and the resultingphosphoro- 
scopic analysis for phenanthrene is shown in Table 3. Excita¬ 
tion at 275m jit enables one to excite the tetramethylbenzene 
lumine scence, and to spectrally distinguish the phosphorescence. 
Excitation at 275mp maximizes the naphthalene fluorescence 
which is spectrally quite distinct (see excitation at 290mp in 
Figure 9). There should then be no difficulty in determining 
any component of the ternary solution; an effort to do such 
resulted in the data of Table 4. At concentrations above 0.01 





Table 2 

mparison of Methods of Determinationa 
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Figure 3. The fluorescence excitation spectrum (A);, the fluorescence spec¬ 
trum (C) and the phosphorescence spectrum (E) of naphthalene at 77®K in 
ERA; the fluorescence excitation spectrum (B) and fluorescence spectrum 
(D) of naphthalene in ^2-heptane at 35®C« ft is not intended that this dia¬ 
gram reflect true relative intensities and the spectra are presented merely 
to show the spectral discrimination which is possible. Quantitative data 
are available from Fig, 6 and Table 2. 


Table 3 


Determination of Phenanthrene in a Three Component 
Mixture of 1 Part Phenanthrene: 1 Part Naphthalene: 
1 Part 1,2,4,5-Tetramethylbenzene^^ 


Known Concentration 
(mg/ml.) 

Concentration as Determined 

From Working Curve (nig/mL) 

0.010 

0.010 

0,0010 

0.0011 

0.0005 

0.0007 

0.0001^ 

0.0002 


X ex= 340mf/; A. ein = 46()m^i. 

Smaller than minimum amount that maybe determined under the given 
conditions. 
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Figure 4, Fluorescence excitation spectrum (A)/, fluorescence spectrum (C) 
and phosphorescence spectrum (E) of phenanthrene at 77®K In ERA; fluores¬ 
cence excitation spectrum (B)and fluorescence spectrum (D)of phenanthrene 
In j'Z-heptane at 35®C, It is not Intended that this diagram reflect true rela¬ 
tive intensities and the spectra are presented merely to show the spectral 
discrimination which Is possible. Quantitative data are available from Fig. 
7 and Table 2. 


Table 4 


Determination of Phenanthrene, Naphthalene and 
1,2,4,5-Tetramethylbenzeae in the Blend 


Component 

Naphthalene 

Phenanthrene 

Tetramethylbenzene 

Technique 

Fluorescence 

Pho sphorescence 

Pho sphore scence 

Xex (“V) 

375 

340 

275 

(m-rt 

320 

460 

392 

Introduced 

(mg/ml.) 

0.01 

0.01 

0.01 

Measured 

(mg/ml.) 

0.006 

0.01 

0.007 


m^/ml competitive absorption processes made estimation of 
both naphthalene and tetramethylbenzene impossible, while at 
concentrations much below 0.01 mg/ml the sensitivity decrease 
renders accuracy poor. 
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Figure 5- Phosphorescence excitation spectrum (B) and phosphorescence 
spectrum (D) of 1,2,4^-tetromethy I benzene in EPAat77®K; fluorescence 
excitation spectrum (A) and fluorescence spectrum (C) of 1,2,4,5-tetra- 
methylbenzene in ^^-pentane at 35^C. It is not intended that this diagram 
reflect true relative intensities and the spectra are presented merely to show 
the spectral discrimination which is possible. Quantitative data are avail¬ 
able from Fig. 8 and Table 2. 
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NAPHTHALENE PHOSPHORESCENCE 



NAPHTHALENE FLUORESCENCE 



Figured Working curves for naphthalene. A - phosphorescence at 77° K, 
B - fluorescence at 
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NAPHTHALENE FLUORESCENCE 



Figure 6. Working curves for naphthalene. C - fluorescence at Z5°C. 
The slits used are specified in Table 2. 


PHENANTHRENE PHOSPHORESCENCE 



Figure 7. Working curves for phenonthrene. A - phosphorescence at 77®K. 





INTENSITY INTENSITY 









0.0001 0.001 0.01 0.1 l.O 

CONCENTRATION, mg/ml 


Figure 8. Working curves for 1 ,.2,4,S-tetromethylbenzene. 
A - phosphorescence at 77®K, B - fluorescence at 77® K. 
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I^,4,5~TETRAMETHYLBENZENE FLUORESCEMCE 



Figure 8. Working curves for 1,2,4^-tetramethylbenzene. C - fluores¬ 
cence at 35*0. The slits used ore specified in Table 2. 
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BLEND 





Figure 9. Phosphorescence of blend excited at 340m/x (top), phosphores¬ 
cence of blend excited at 275mfx (bottom) and total emission of blend ex¬ 
cited at 290m/i (middle). It is to be noted that the top spectrum is the 
phosphorescence of phenonthrene only, that the bottom spectrum contains 
the phosphorescence of 1,2 ,4,5-tetra methyl benzene well-resolved spectrally 
and that the fluorescence of naphthalene (denoted N) is quite distinct, 
spectrally, on the middle spectrum. 




CHEMICAL APPLICATIONS OF NUCLEAR 
MAGNETIC RESONANCE 


R. E. Richards 

Physical Chemistry Laboratory 
South Park Road 
Oxford, England 


When a nucleus of spin quantum number, I, is placed in a 
strong uniform magnetic field, H, a number of energy levels 
become available to it by virtue of the interaction between the 
nuclear moment and the field, H. There are (21 + 1) energy 
levels, corresponding to different allowed orientations of the 
nuclear magnet with respect to the applied field, H, and when 
transitions of the nuclei are induced among these energy levels 
by radiofrequency radiation a nuclear resonance spectrum may 
be observed. 

The frequency of radiation required to induce magnetic 
resonance is v where 



p is the magnetic moment of the particle and h is Planck's 
constant. 

These spectra are often complex and contain a wealth of 
information which can frequently be of great help to the chemist. 

The properties of the nuclear resonance spectrum depend 
on interactions between the extra-nuclear electrons and the ap¬ 
plied magnetic field, on mutual interactions between the mag¬ 
netic moments in the sample, which may be transmitted in a 
number of ways, and on interactions between electric field gra¬ 
dients at the nucleus and the nuclear electric quadrupole moment. 
These effects will be considered in turn and their usefulness to 
the chemist will be discussed. 

The magnetic field, H, in equation (1) is the field actually 
experienced by the nucleus; this often differs from the field of 
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the laboratory magnet, H because of interactions between the 
applied field and the extranuclear electrons, so that we write 


H = H„(l - a). 


The applied field, H„, induces diamagnetic moments in the extra- 
electrons which oppose and are proportional to it 
^d these are represented by the factor a. The different electron 
cli^stributions about a given nucleus characteristic of different 
chemical environments are associated with different values of 
variations whieh are responsible for the so- 
called chemical shifts" in nuclear resonance spectra. The 
range of values of a varies from one atom to another; in proton 
resonance spectra ovaries over about 20 p.p.m. whereas cobalt 
resonances show shifts of as much as 2%. The detailed theory 
has been given by Ramsey [l] but this cannot be applied rigor- 
ously to complex molecules. Attempts to apply M.O. and V B 
theories have had only limited success and the chemical appli¬ 
cations of these effects rest on semi-empirical theories 

The applications of chemical shifts to the study of molecular 
structures and Chemical equilibria and rate processes are now 

the practical point of view the chemical 
applications are limited by (a) the line width in relation to the 
chemical shift md (b) the signal to noise ratio. The line width 
IS governed by interactions between the magnetic nuclei and the 
si^al to noise by various fundamental parameters and by the 
Bolteman distribution of the population of the nuclear energy 

We must now consider how the magnetic interactions influ- 
H resonance spectra. Two magnetic moments 

nthf! ^ one another each experience a magnetic field due to the 
ifwJ, . interaction transmitted by these magnetic fields 
find^th^Si dipolar coupling. In a crystal, the nuclei 

magnetic field, H, due to the laboratory 
modified by these dipolar interactions. Each nucleus 
SS experience a range of magnetic fields on either 

depends on the 
fields set up by neighbouring moments and 
wliere IX is the strength of the magnetic 
monaent and r is the distance. Nuclear resonances of crystals 
fr® usually broad, and the broadening can sometimes 
be used to measure the mean distances between the nuclei in 

are often Sufii ^ distances in crystals 

SLf f hn. ""f resonances in crystals are therefore 

maSbeTwL^f the mean square width 

may be about 40 Kc/s.,or about 10 gauss. Since proton chemical 
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shifts range over only 20 p.p.m. it is clearly impossible to ob¬ 
serve chemical shifts in solids where these very broad (~ 1000 
p.p.m.) lines occur. On the other hand, other nuclei with weaker 
magnetic moments and larger atoms experience much smaller 
dipolar interactions of this kind, which maybe as little as 0.1 
gauss. If the chemical shifts are large then in this case they 
may be observed in the solid. For example the thallium reso¬ 
nance in solid TI 2 CI 3 has two shifted components with intensi¬ 
ties in the ratio of 3 : 1 in accordance with the structure [ 4 ], 


Tl| [T1 CI 3 ] 

If there is molecular motion in the crystal, the local fields 
will fluctuate with the same frequency spectrum as the molec¬ 
ular motion. If the fluctuations occur rapidly enough the nuclear 
moment may not be able to experience the local fields of its 
neighbours long enough to notice any deviation from H, with the 
result that a narrower line is obtained. The careful study of 
changes of line width due to molecular motion can often be of 
great value, especially in the study of polymeric substances [s]. 
When the substance is changed into the liquid state by melting 
or dissolving in a solvent, the molecular motion is very vigorous, 
and all that remains of the dipole-dipole interaction is a range 
of magnetic fields fluctuating with the frequency spectrum of 
the molecular motion of the liquid. Dipolar broadening is now 
completely removed and the line widths are determined only by 
the Heisenberg uncertainty principle. This may be expressed 
approximately in the form 

AE X t = ^ = hAv 
In 

( 2 ) 



where AE is the uncertainty of the energy level, Av is the line 
width, t is the lifetime of the nucleus in the energy level and h 
is Planck's constant. 

For nuclei with I = 1/2 and a zero electric quadrupole mo¬ 
ment, t may be very long so that the nuclear resonance lines 
are then very narrow. 

The effects of the fluctuating dipolar interactions will be 
discussed later; it is convenient now to discuss the greater de¬ 
tail in the nuclear resonance spectrum which is revealed by the 
very narrow lines obtained from liquid samples. Line widths of 
1 in 10 ® are common for nuclei with no electric quadrupole 
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moment, and this permits the spectra to be studied under very 
high resolving power. Chemical shifts in proton resonances as 
well as of other nuclei can now be measured with some accuracy, 
and the results applied to chemical problems [2]. 

Although the "static" component of the direct dipole-dipole 
couplii^ is averaged to zero by the molecular motion in a liquid, 
there often remains a further dipole coupling which is unaffected 
by this motion. This is the so-called "spin-spin" coupling which 
is transmitted via the spins of the electrons in chemical bonds 
joining the nuclei together. The theory of this scalar coupling 
has been given by Ramsey [6], but again this theory can be ap¬ 
plied rigorously only to the simplest molecules. Valence Bond 
methods have, however, been applied successfully by Karplus 
and his collaborators [7] to the spin-spin coupling between pro¬ 
tons in organic molecules. Not only can coupling constants be 
calculated to a correct order of magnitude, but their dependence 
on molecular geometry can be correctly predicted. 

Coupling constants between protons are usually less than 
20 c/s. and between flourine nuclei less than 500 c/s. It is there¬ 
fore clearly possible to observe this effect only in liquids since 
in solids the line widths are of the order of 50 Kc/s. Spin-spin 
coupling among heavier nuclei is often much greater. For exam¬ 
ple in the solid thallous halides the spin- spin coupling between 
the two nearly equally abundant thallium isotopes is of the order 
of several Kc/s. and is largely re^onsible for the observed line 
width [4]. 

According to the theory of Karplus, the spin-spin coupling 
is transmitted predominantly by the electrons involved in o-bonds 
between the nuclei; electrons in tt orbitals make a negligible 
contribution except over large distances. This conclusion may 
not be correct, however, for nuclei other than hydrogen. For 
example, in the course of a study of platinum and phosphorus 
resonances in platinum complexes, a marked correlation has 
been found by Pidcock and Richards [8] between the Pt - P cou¬ 
pling constant and the extent of t-honding between these two 
atoms. In ^raMs-(PBu 3 ) 2 PtCl 2 the Pt - P coupling constant is 
2.46 Kc/s. but in toe cis isomer it is 3.62 Kc/s., where there 
is good reason [8] to believe that the 7r-bonding is stronger. 

™ [^(OEt) 3 ] 2 PtCl 2 , where w-bonding between Pt 
^d P is expected to be still stronger, toe coupling constant is 
found to be 5.70 Kc/s. 

There is considerable theoretical interest in the signs of 
toe ^in-spin coupling constants. The relative signs can often 
be found by detailed analysis of the complex high resolution 
spectra which are observed when the chemical shifts are com¬ 
parable with toe coupling constants. In other cases the signs 
can be found by elegant double nuclear resonance experiments [9] 
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or by the observation of double quantvim jumps in suitable 
cases [lO]. 

The great importance of the line width in nuclear resonance 
spectra cannot be overstressed. When very narrow lines occur, 
the fine effects of chemical shifts and spin- spin coupling can be 
measured accurately; when the lines are broad these may become 
obscured and at the same time the resonance becomes more 
difficult to observe because of the reduced signal to noise ratio. 

The broad lines in solids arise from direct dipolar couplii^ 
between the nuclei (and sometimes from electric quadrupolar 
interactions, see later). The line widths in liquids are governed 
approximately by equation (2). The lifetime of a nucleus in a 
particular energy level may be expressed in terms of two "re¬ 
laxation times." The "spin-lattice" relaxation time, T^, is a 
measure of the time taken for a nucleus to exchange energy with 
the thermal motion of the molecules around it; the spin-spin 
relaxation time, T 2 , is ameasure of the time taken for two nuclei 
to exchange a quantum of energy, one falling from an upper to a 
lower energy level and the other using the quantum to raise it 
from a lower to an upper energy level. Spin-lattice relaxation 
is the process by which the nuclear spin system heats up or 
cools down to the temperature of the "lattice" (which may be a 
solid or liquid). Spin-spin relaxation is an adiabatic process in 
which energy is passed through the spin system but not exchanged 
with other forms of energy. In liquids, T^ and Tj are frequently 
equal, so for the purposes of this lecture I shall consider only 
the factors which determine T^, since similar considerations 
apply to Tj in liquids. 

For nuclear spins the coefficient of spontaneous emission 
is vanishingly small so that nuclei can exchange their energy 
levels only when stimulated to do so by some external agency. 

If the nuclei have a spin 1=1/2, so that they have no elec¬ 
tric quadrupole moment, the only mechanism by which they may 
change their energy levels is by transitions stimulated by a mag¬ 
netic field which fluctuates at a frequency close to the Larmor 
frequency = pH/Ih. In a liquid the dipolar interactions are 
fluctuating at the frequencies of the molecular motion, and field 
fluctuations are set up by the magnetic nuclei in the molecules 
which are in thermal motion. It is the components of these field 
fluctuations near the Larmor frequency which induce transitions 
of the nuclei among their energy levels and so permit spin- 
lattice relaxation. 

In liquids the molecular motion is characterised by a cor¬ 
relation frequency near 10 c/s. so the field flucttiations set 
up by the molecular motion near the very much lower Larmor 
frequency of about 10^ c/s. are extremely weak, ^in-lattice 
relaxation is therefore very inefficient, T^ is long (many seconds) 
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Md tte nuclear resonance line is very narrow. If the nuclei are 
m a large ngid molecule, for which the molecular correlation 
lower, then the component of field fluctua- 
so that spin lattice relaxation 
efficient. Tj is indeed found to he much shorter for 
nuclei in la^e rigid molecules than in small ones. For exam- 
f Filipovich [11] have described how the 
proton resonance of a protein in the rigid helical structure is 

tSfluo^Sc^f S'®’'* the protein is disso^ed in 

mSh acid, &e rigid structure is broken down so that 

ris2 T T^otion can occur. The correlation frequency 

rises, Ti becomes longer and the proton resonances are sharper 

tion substance to a diamagnetic solu- 

P^“Ses occur in the nuclear resonance line width, 
if in ttie paramagnetic solute has a magnetic 

naoment of the order of 10^ times those of the nuclei so that 
^ttough the correlation spectrum of field fluctuations may re- 

SS Secw 1 • ? relaxation is made 

nance IpeSrl ^ broadening occurs in the nuclear reso- 

- 1 ^ fascinating example of these effects has been de- 

ri e recently by Eisinger, Shulman and Szymanski [ 12] When 

effeSrs^r;^ momenisc^S 

enective spin-lattice relaxation and T, is short If to this solu- 

bon a small amount o£ D.N. A. Is added, the Trol the p^toS to 

^ water IS increased, almost back to its value in pure water 

?ie “dn^'ou ?„ o'* ““^“i^tton of the ferrir^s 

oy me d.N.A. on internal sites, so that the D.N.A. "wraps up” 

rS ThI’gainiraccSs 

by the iron atnmt wnl ® •hdrefore no longer aHected 

proto^T ^ dissolved in water, the 

proton Tj is also reduced. When D.N.A. is added to this solu- 

fl.r+h spin-lattice relaxation time is reduced still 

?on^or solutior^^e rt 

son for this is that the cupric ions must be coordinated by the 

D.N.A. on external sites, so that the water molecules can vSn 

a teeSw ^nit^ 1 because it is now attached to 

large rigid molecule, the correlation frequency of the Conner 

producfs^near''nirr fluctuations it 

i^enTe tI? Jfw frequency becomes more 

than in’the absence rfthe^oS.” therefore even greater 

SDlit'^^iSr?’' behveen magnetic moments can be 

some of these interactions can 
ring about simultaneous changes in energy level in two nuclei. 
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or in a nucleus and electron together. One of these interactions 
can cause a nucleus to rise from a lower energy level to an up¬ 
per one when an electron (with spin = 1/2) falls from the upper 
to the lower energy level. The energy given out by the electron 
is much greater than that required by the nucleus (because the 
magnetic moment of the electron is so much greater) so the 
excess energy is dissipated as thermal motion of the molecules. 
If in such a solution, the electron resonance is strongly excited 
so as to produce a continuous flow of electrons down from the 
upper to the lower energy level, many nuclei will be simulta¬ 
neously flipped into their upper energy level. The effect is to 
pump nuclei from one energy level to another and so greatly to 
modify the distribution of the nuclear population. This change 
has a direct effect on the intensity of the nuclear resonance. 
As the rate of excitation of electrons is slowly increased, the 
nuclear resonance signal is decreased in intensity imtil it van¬ 
ishes when the nuclear energy levels are equally populated. 
Further increase in the electron excitation causes the nuclear 
resonance to reappear with reversed sign and then to grow in 
intensity until it reaches a value which may be as great as 
y^/2Yj^ times the original signal, where and y,^ are the 

magnetogyric ratios of the electron and of the nucleus. The 
improvement is clearly limited when the electron energy levels 
are equally populated, i.e., when the electron resonance is sat¬ 
urated. This is one form of the so-called Overhauser Effect [14]. 
The effect offers many possibilities for the chemist. Increases 
in signal to noise ratio are always most welcome and the sen¬ 
sitivity of the effect to molecular interactions in solution offers 
the possibility of studying them in some detail. 

Richards and White [15] have studied the Overhauser Effect 
in solutions of various radicals in a variety of solvents and in 
the presence of various solutes. For example the proton reso¬ 
nances ofwater, ammonia, and dimethyl formamideare reversed 
and increased in intensity by about 20 fold when a solution of the 
p-ditert-butyl-semiquinone radical in each of them is irradiated 
with a certain microwave power at the electron resonance fre¬ 
quency. The increase in intensity of the dimethyl formamide 
resonance would have been expected to have been less than for 
the water because its proton spin-lattice relaxation time is 
shorter. If p-semiquinone radical is used instead, the proton 
resonance of the dimethyl formamide is much more strongly 
afiected than that of the water, in spite of its short relaxation 
time. Now amides have been shown by Hatton and Richards [l6], 
usii^ high resolution proton resonances, to associate strongly 
with aromatic substances unless they contain bulky substituents 
whichprovide steric hindrance. The stronger enhancement of the 
amide resonance is no doubt concerned with its close association 
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with the semiquinone, and less close association with the t-butyl 
semiquinone. Quantitative studies of this effect are being made 
which can give an indication of the mean distance of approach of 
the radical and solvent. 

A more striking effect may be observed [l7] in solutions of 
a semiquinone radical in water containing sodium trifluoro- 
acetate. The proton resonance is reversed in the usual manner 
when the electron resonance is excited, but the fluorine reso¬ 
nance is actually enhanced. Since there can be no scalar cou- 
pling between the radical and the CF 3 COO” ions this must mean 
ttet the radicals are coupled to the protons but not to the fluo¬ 
rines and that the protons and fluorines are coupled together. 
The electrons pxunp the protons into a reversed population dis¬ 
tribution and the relaxation of the protons pumps the fluorines 
into an enlaced population distribution. This is no doubt as¬ 
sociated with the similar negative charges on the CF,COO- and 
senjiquinone ions which are therefore unlikely to make frequent 
encounters. 

The final interaction to consider is of the greatest impor¬ 
tance in determining nuclear resonance line widths. Nuclei with 
spins greater than 1/2 usually have an aspherical distribution of 
charge which can be expressed as an electric quadrupole moment. 
This moment can couple strongly with any electric field gradient 
set up at the nucleus by the electrons distributed around it. If 
the molecule is tumbling over in a liquid this electric quadrupole 
coupling tends to "drag" the nucleus over with the molecule, 
causing it to reorient itself into another energy level. The effect 
of this is to reduce the nuclear spin-lattice relaxation time ac¬ 
cording to an equation of the form 


ioc(eq Q)2 t^ 


where eq Q is the quadrupole coupling constant and t is the 
molecular correlation time. By treating the molecule as a 
sphere turning in a medium of viscosity 77 we find 


“:(eq Q)2 ?7 /t, 


where T is the temperature. The broadening produced by this 
reflation IS the greatest limitation to the study of nuclei af- 
tected by it, because the broadening is often so great as to make 
the signal undetectable. 

un. l>e turned to good account, however, 

v^en glycerol is added to dimethyl formamide and l/T, of the 
mtrogen resonance is plotted against viscosity, a straight line 
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is obtained [l 8 ] the slope of which is a measure of the quadrupole 
coupling at the nitrogen. Protonation of the amide with a strong 
acid could occur at the nitrogen or at the oxygen; the former 
would make the electric field round the nitrogen more symmetri¬ 
cal and reduce the quadrupole coupling and the latter would in¬ 
crease the 77 bonding at the nitrogen and also the quadrupole 
couplii^. The slope of the plot of l/T^ for the nitrogen reso¬ 
nance against viscosity is greater in CF 3 COOH than without it, 
providing strong evidence that the proton is added mainly to the 
oxygen of the amide. 

Measurements have been made recently by Richards and 
Yorke of l/Tj of the bromine resonance in bromide solutions 
as a function of viscosity. The plots are linear and indicate that 
the quadrupole coupling is independent of concentration even in 
the saturated solutions. The same is true of the sodium reso¬ 
nances. Ion-Ion interaction cannot be very important therefore 
for this effect. 

The quadrupole coupling is, however, very sensitive to the 
solvent medium and depends on its dielectric constant. This 
result has been confirmed for a wide variety of solvent mix¬ 
tures and strongly suggests that the quadrupole coupling is de¬ 
termined largely by ion-solvent interactions. 
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RECENT APPLICATIONS OF HIGH RESOLUTION 
NUCLEAR MAGNETIC RESONANCE TO 
CHEMICAL PROBLEMS 


J. N. Skoolery 
Varian Associates 
Palo Alto, Calif. 


INTRODUCTION 

High resolution NMR has been used for about 10 years to 
study molecular structure, hydrogen bonding, and kinetics of 
certain types of reactions, particxilarly those .involving proton 
exchange. Due to its strong magnetic moment, high abundance, 
and widespread distribution in organic substances, the hydrogen 
nucleus, or proton, has been employed most frequently. The 
main difficulties which have been encountered are the small 
chemical shift for protons compared to other nuclei such as F 
orP^^ ,the signal-to-noiseproblem when very smaller insoluble 
samples are involved, and the complexities due to spin-spin 
coupling between neighboring nuclei in complicated molecules. 
The recent history of high resolution NMR is mostly concerned 
with the alleviation of these difficulties through advances in 
instrumentation, experimental techniques, and better theoretical 
understanding of the relationship between the chemical shift and 
spin-spin coupling parameters, 5, and J, and the observed spec¬ 
trum. 

THE CHEMICAL SHIFT PROBLEM 

Since the chemical shift is a field dependent effect it can be 
increased by workiig at higher magnetic field strengths. The 
field cannot be increased indefinitely, however, due to the power 
and size requirements in the magnet and the need to maintain a 
homogeneous field. The radio frequency must be increased in 
proportion to the field and this results in some electronic so¬ 
phistication at the highest frequencies employed, i.e., lOOmc/sec 
for protons in a field of 23,490 oersteds. 
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The advantages of working at high field strengths are well 
mustrated in Figure 1 by the spectrum of 1,2-dibromobutane. 
The upper trace shows the spectrum at 60 mc/sec and the lower 
toace shows the effect of raising the frequency to 100 mc/sec 
Better separation of the various multiplets is achieved, since 
the spin-spin splittings remain constant in magnitude. A more 
important aspect of the high field spectrum is that it more nearly 
approximates a ’’first-order*' spectrum, i.e., spacings and in¬ 
tensities predicted on the basis of simple empirical rules rather 
than complex quantum mechanical calculations, although in this 



Figure 1 . Upper: 
60 mc/sec. Lower: 
at 100 mc/sec. 


^2-clibromobutane at 
High Resolution NMR Spectrum of 1,2-dibromobutane 



HIGH RESOLUTION NMR 


659 


case considerable perturbations must still betaken into account. 
At 60 me it is not at all clear which line spacings are significant 
and which lines may have diminished in intensity to the point of 
becoming lost in the noise. 

It is interesting that the two CHa groups in the molecule 
both show a relative chemical shift of the two protons on the same 
carbon atom, the effect being much clearer at 100 mc/sec due to 
the small chemical shift difference compared to the spin-spin 
coupling between the protons. This comes about from a differ¬ 
ence in the depth of the three potential minima in the rotation 
about the bond joining and Cj and also Ca and C 3 . 

The importance of having the largest possible chemical shifts 
increases with the complexity of the compounds being studied, 
due to the greater probability of overlappii^ and interference. 
Workat 100 mc/sec is resolvinga number of problems in natural 
product chemistry which were marginal, or, if not impossible, 
at least beyond present interpretational techniques. 

THE SENSITIVITY PROBLEM 


Since 1955 there has been a steady improvement, not only in 
field strength, but also in the stability of high resolution spec¬ 
trometers. Furthermore, the input circuitry and coil configura¬ 
tion surrounding the sample have undergone steady improvement. 
The resultis that the combination ofthe signal dependence on the 
square of the frequency, the noise dependence upon the reciprocal 
square root of the bandwidth, and the improved filling factor and 
noise figure yields better overall sensitivity by an order of 
magnitude. 

A technique has been developed recently especially for small 
samples. Two plastic plugs, with hemispherical cavities, can be 
placed facing one another in a precision glass cell. The result¬ 
ing spherical cavity canbe filled by means of an axial hole throtigh 
one of the pltgs. This "microcell" technique increases the sen¬ 
sitivity of a high resolution instrument by a factor of 5 without 
significant loss of resolution, by concentrating the sample where 
it can couple to the receiver coil in an optimum way. It has been 
found invaluable with samples of a few milligrams down to sam¬ 
ples as small as the 100 pgram sample of an alkaloid shown in 
Figure 2 . 


SPIN-SPIN DECOUPLING 


It has been known for some time [l,2] that the spectral com¬ 
plexity due to a nucleus or group of equivalent nuclei coupling 



660 


SPECTROSCOPY 



Figure 2. 100 tnc/sec spectrum of 100jU.gram5 of casimiroin, Cj 2 HnN 04 , 
taken with sample in 25juliter$ of CDCI3 in a microcell. 


their spins to other nuclei in a molecule could often be reduced 
by strongly irradiating the offending nuclei at their resonance 
frequency while studying the remaining ones in the usual manner. 
The problem is experimentally more complex for proton-proton 
couplings since the small chemical shifts result in frequencies 
which are very close together. 

We have found quite recently that a minor modification of the 
Varian NMR integrator, Model V-3521, allows it to be used as a 
rather effective and quite flexible spin decoupler. Since the de¬ 
vice already uses two kilocycle modulation and phase sensitive 
detection, it is relatively simple to introduce strong irradiating 
fields at one or more nearby frequencies without undue inter¬ 
ference. This aUows the coupling of one or more other groups 

\ the observation of a 

multiplet which would be hopelessly complex in their presence. 
As ^ example consider Figure 3, the 100 mc/sec spectrum of 
show undecoupled in Figure 1, with the de- 
p equency set 216 cps above the observing frequencv 

nichtor?1^^^- unequally coupled to all four 

^ the four line pattern typical of the X 
part 01 an ABX system of nuclei. 
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Spin-Decoupled Spectrum of CHgBrCH BrCHgCHj 



Figures. Spin-decoupled spectrum of 1,2-dibromobutane at lOOmc/sec. 
Decoupling frequency 216 cps above observing frequency. 


MOLECULAR CONFORMATION STUDIES 

The dependence of the coupling between vicinal protons upon 
the dihedral angle between the CH bonds makes a large number 
of molecular conformation problems susceptible to study [3]. An 
example in which structurally useful infornlation was forthcom¬ 
ing is the following problem. A dithiol was prepared [4] via a 
chemical path which could lead either to I or n. 



I 


II 



662 


SPECTROSCOPY 


pie spectrum of the dithiol is shown in Figure 4. In addition to 
petwo strongpeaks at 6 = 1.33 and 5 = 1.45 (6 = ppm from SiMe 4 ) 
due to the CH 3 groups, a strong line at 6 = 4.52 is found which 
results from accidental near-equivalence of the chemical shifts 
or the protons on C 2 , C 3 , C 4 and C 5 . The sharpness and lack of 
spucture of this line shows that the couplings J 12 and Jsg between 
me protons on the corresponding carbon atoms must be quite 
smpl;i.e., 1 cps or less. The remainii^ four protons represent 

o ^ nuclei being the SH protons at 6 = 

2.13 and the B nuclei being the Ci and Cg protons. 



Figure 4. 60 mc/sec spectrunj of the 1 ,2,3/-di-isopropylidene ketal of 
5,6-dirnercapto-l,2,3,4-cyclohexane-tetrol in CDCI 3 . 

AjEa pattern by the usual techniques [ 5 ] re- 

n can earh ptilt Jab is 8.6 cps. Now structures I and 

T each exist in two conformations. The value of 12 cps for 

in whicirfh^p^® r®'* concerned with the conformations 

thp ^ f a trans-diaxial configuration. In 

the case of structure H, the protons on C 2 and C 5 also bear a 
trans-di^al relationship to those on Ci and Ce. The lack of an 

bihty and leaves us with structure I as the only alternative. 
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QUANTITATIVE MEASUREMENTS 

Since the transition probability is not affected appreciably 
by the small perturbation of the magnetic field which is called 
the chemical shift, the integrated intensity of each multiplet in 
the spectrum is proportional to the number of nuclei in the sam¬ 
ple with that particular chemical or structural environment. 
Under proper ej^erimental conditions [6] this relationship is 
obeyed precisely and the relative numbers of nuclei in different 
functional groups can be determined. Figure 5 shows the spec¬ 
trum of an indole alkaloid with its integral recorded as an as¬ 
cending step function. Groups of protons can be distinguished 
with the step size ratios of 1:4:1:5:5:6. The sum of these num¬ 
bers is 22, the total number of hydrogen atoms in the molecule. 



Figures. 60 mc/sec spectrum of an indole alkaloid, C 20 H 22 N 2 O 2 , with 
integral trace on the same chart. 


In the case of mixtures a quantitative analysis can be made 
in the same way if the number of protons per molecule corre¬ 
sponding to a selected analytical peak for each component is 
known. 

CONCLUSIONS 

The recent developm©at of techniques for obtaining additional 
parameters from NMR spectra, namely, high field studies, de¬ 
coupling, and integrating, has resulted in a steadily increasing 
number of chemical problems for which sufficient parameters 
can be measured to determine a unique solution. This has greatly 
increased the utility of the method for the chemist. 
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SPIN DENSITY DISTRIBUTIONS IN CONJUGATED 
MOLECULES BY NMR CONTACT SHIFTS* 


D. R. Eaton, W. D. Phillips, R. E. Benson and A. D. Josey 
Central Research Department, Experimental Station, 

E. I. duPont de Nemours and Company, 
Wilmington 98, Delaware, U.S.A. 


INTRODUCTION 

The concept of a spin density distribution in an organic free 
radical arose from the observation and interpretation of the 
hyperfine structure in the EPR spectra of such species[l]. This 
hyperfine structure was attributed to isotropic hyperfine contact 
interactions between the unpaired electron and atoms in the 
molecule possessing a nuclear moment, most commonly hydrogen. 
Since such an interaction demands a finite probability of finding 
the electron at the nucleus in question, it was apparent that the 
impaired electron could not be regarded as being localized on one 
atomic orbital but must be assiuned to be distributed over the 
whole molecule. The theoretical work of McConnell and Ches- 
nut [ 2 ] placed this concept on a quantitative basis for aromatic 
molecules and showed how the ^^in densities could be derived 
from observed proton hyperfine conpltng constants. Thus, a 
rather precise experimental method was made available for 
examining in detail the wave function governing the distribution 
of the odd electron. Further experimental and theoretical work 
showed that this orbital containing the unpaired electron could not 
be treated in isolation but that exchange interactions with elec¬ 
trons in lower filled orbitals had to be considered. In particular, 
such effects, termed correlation effects, lead to negative spin 
densities [ 3 ] in certain odd-alternant and non-alternant radicals. 


*Contribution No. 802 from the Central Research Department, Experi¬ 
mental Station, E. I. duPont de Nemours and Company, Wilmington 98, 
Delaware. 
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In the EPR experiment, transitions between electron spin 
states are observed, and contact interactions are manifested in 
the magnetic resonance spectrum by hyperfine structure. An 
alternative procedure for obtaining contact interactions is via 
the NMR approach which is concerned with transitions between 
nuclear spin states. Here,nucleus-electron contact interactions 
produce internal fields at the resonating nuclei which either add 
to or subtract from the external field and thereby lead to reso¬ 
nance field shifts. This NMR approach to contact shifts has 
several attractive features, but it possesses also a number of 
limitations. In the EPR experiment, the complexity of the spec¬ 
trum (hyperfine components) increases very rapidly with the 
number of coupling constants, and analysis usually becomes pro¬ 
hibitively difficult if more than three or four different coupling 
constants are involved. In the NMR experiment, on the other 
hand, each nonequivalent proton gives rise to a single resonance, 
accomp^ied in some instances by nuclear M structure. How¬ 
ever, since the contact shifts are usually very large compared 
to the spin-spin coupling constants, simple first order spectra 
result and the IT structure is an invaluable aid to spectral anal¬ 
ysis. Compounds with molecular weights approaching 1000 and 
involving as many as twelve different contact constants have been 
analyzed, and there is no reason to believe that a limiting com¬ 
plexity has yet been approached. 

Further, small hyperfine couplings in EPR will not be de¬ 
tected if they give rise to splittings less than the line widths, 
which are at best a few hundredths of a gauss. In NMR no diffi¬ 
culty in this respect is ejqjerienced, providing the contact shifts 
are not small compared with the normal chemical shifts in the 
molecule. In proton magnetic resonance, chemical shifts are 
never more than a few parts/million, and consequently, spin 
densities of the order 10"^ have been measured with some cer¬ 
tainty. 

^ Finally, NMR contact shifts yield the sign of the spin density 
since protons attached to sp^ carbon atoms which sense a posi¬ 
tive ^in on carbon are shifted to high field while those protons 
wmch sense a negative spin on carbon are moved to low field. 
EPR experiments can only rarely give information about the signs 
of the ^in densities at individual atoms. 

To offset these advantagesof NMRover EPRfor spindensity 
determimhons, there are certain limitations to the application 
of the NMR method. These limitations are associated with the 
re axation times of nuclear and electron spins in paramagnetic 
species. Thus, nucleus-electron dipolar interactions and contact 
interactions may lead to short relaxation times for the nuclei which 
such broadening of the nuclear resonances 
that determinations of contact constants become impossible 
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Contact interaction constants normally are not manifested 
iQ the NMR spectra of organic free radicals in solution because 
of the relatively long electronic relaxation times of these species. 
For observation of contact shifts in NMR, either or both of the 
inequalities 


» a 
» a 

must be satisfied. Here Ti is the electronic relaxation time, Te 
is the characteristic exchange time between paramagnetic spe¬ 
cies, and a is the hyperfine contact interaction constant. Brown, 
Anderson and Gutowsky [4] and Anderson, Pake and Tuttle [5J 
have observed contact shifts of organic radicals in the solid state 
where Te is greatly shortened over the solution value; In these 
studies the resonances were very broad because of the magnetic 
dipolar interactions operating in the solid. A perhaps more 
esthetically satisfying approach to contact shifts is to examine 
systems with a T^ sufficiently short that solution studies, where 
magnetic dipolar interactions are largely absent, are possible. 

The above considerations suggest transition metal compounds 
as a fruitful area for observation of NMR contact shifts. Here, 
electronic relaxation times for many transition metals are suffi¬ 
ciently short that the condition 

Ti‘^ » a 

is satisfied. The earlier EPR work of Owen and Stevens [6] and 
Tinkham[7] had shown that with suitable types of chemical bond¬ 
ing, d-electrons can be partially delocalized from a metal atom 
to the surrounding ligands. It is, therefore, a desirable objective 
to search for a combination of a paramagnetic metal with a short 
electronic relaxation tim e and a ligand with an extended n- electron 
system bonded together in such a fashion that the impaired elec¬ 
tron will spend an appreciable time on the ligand. Results have 
been reported on some acetylacetonates [8] and metallocenes [9] 
where these conditions are sufficiently well satisfied to allow 
observation of NMR contact shifts for the ligand protons. 

DISCUSSION 

We have recently examined in this laboratory [lO,ll] a metal 
chelate system which satisfies the above conditions rather well. 
This system comprises the nickel (H) aminotroponeimineates 
possessing the structure I below. 
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la tliis chelate system, it appears that the short electronic 
relaxation time is produced by the rapid interconversion of two 
geometric^ly different forms, the two forms possessing differ¬ 
ent magnetic characteristics [ 12 ]• The d® configuration of nickel 
(II) gives rise to both singlet and triplet electronic states, the 
former corresponding to a square planar geometry for the chelate 
and the latter, in this case, to a tetrahedral configuration. It 
would appear that interconversion occurs via a torsional vibra¬ 
tion and is sufficiently rapid to reduce the WMR line widths to 
1-2 cps. in the most favorable cases,and 20-30 cps. in the least 
favorable. For many of these chelates, the component resonances 
of the NMR spectra appear as simple multiplets which are due 
to nuclear spin-spin coupling. This structure is of considerable 
aid in analyses of the NMR spectra. In the tetrahedral paramag¬ 
netic form, the impaired electrons of nickel reside in the d„y, 
dxz and dy^ orbitals. These metal orbitals have the correct 
symmetry to form abend with the filled pir orbital on the nitrogen. 
This TT-bonding has the effect of partly removing an electron of 
P (negative) spin from the nitrogen atoms to the nickel atom, 
leaving an excess of a (positive) spin at nitrogen. Here the di- 
^ction of oi, or positive, spin polarization is taken to be that of 
the unpaired electrons of the nickel (II) atom. The fractional 
unpaired electron on nitrogen can then be further delocalized by 
contributions from resonance structures such as III and IV. 



These structures place positive spin densities in the pn 
orbitals centered on the ol and y carbon atoms. By the 7r-apo- 
l^ari^zation mechanism, positive carbon prr spin densities lead to 
high field shifts of protons attached to these carbon atoms. 
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Negative spin density is placed at the ^-carbon atom as a result 
of electron correlation effects and gives rise to a low field con¬ 
tact shift for the proton. Proton contact shifts of up to 12,000 
cps. at 60 Mc/sec. have been observed in these chelates, ^in 
density can be delocalized onto aryl groups attached to the nitro¬ 
gen atoms in a similar manner. Inspection of the contributing 
valence bond structures shows thatin the case of a phenyl group, 
positive spin densities will be observed at the ortho and para 
positions and a negative spin density will appear at the meta 
position. A spectrum of one of these nickel (EC) aminotropone- 
imineates, typical of the class, is shown in Figure 1. 



Figure 1. Proton nuclear magnetic resonance spectrum of nickel (II) y- 
phenylazo-N,N‘-diphenylaminotroponeimineate, determined at 60 Mc/sec. 
in deuteriochloroform and internally referenced to tetramethylsilane. 


Contact shifts, Af i, are defined as the differences in reso¬ 
nance frequencies between corresponding protons in the nickel (II) 
chelate and the diamagnetic zinc (H) chelate or ligand. Spin den¬ 
sities, Pc^, maybe calculated using the equations 


/Af\ _ g/3S(S +1) 

\ ^ / i ~ Th 2SkT(e'^^/’''^+ 3) 


and 


9-i ~ Qch PCi 

In Eq. 1, and yn are the magnetogyric ratios of the electron 
and proton, respectively, and AF is the free energy change for 
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the diamagnetic ^ paramagnetic equilibrium. The free energy 
may be obtained from temperature dependence of the contact 
shifts or of the magnetic susceptibility. In Eq. 2, Qch is a pro¬ 
portionality constant for which a value of —22.5 gauss has been 
established by theoretical and ex5)erimental EPR studies [2]. 

In this chelate system, dTi-pir nickel-nitrogen bonding has 
imparted to the aminotroponeimineate ligand the desirable char¬ 
acteristics of a free radical withoutgiving it the undesirable long 
relaxation time characteristic (undesirable from the NMR view¬ 
point of organic free radicals. The spin density distributions 
mthin the ligands may be treated by exactly the same theoretical 
techniques used for aromatic free radicals, with the exception 
tot less than one unpaired electron will reside on the ligand. 
Chelates possess an added advantage in that unlike most free 
radicals, they generally are relatively stable entities. The basic 
^motroponeimineate structure, I, may be modified by introduc- 
ing different groups at R and X using rather straight-forward 
S3mthetic methods [13]. The possibility is open, therefore, for 
tailorii^ "free radicals" to test specific points dealing with 
conjugation and electron delocalization. 

Thus, with a view to assessing the conjugative ability of 
various linking groups, contact shifts have been determined [l4] 
in a number of molecules with nitrogen substituents of the type 



The observed spin density distributions for the two examples 
where X - -CH=CH- and -NH- are shown in Figure 2. It is ap¬ 
parent tot if X is a conjugating group so that the tt- systems of 
me two phenyl groups are linked, spin maybe expected to be 
transferred onto the second ring. The magnitude of spin density 
reaching this second ring may be taken as a measure of the con- 
p^ative ability of X. Thus, the CH=CH link provides an example 
01 classical conjugation. The structure 


N = 



=CH-CH= 



places spin at the para position of the second ring, 
illation is exemplified by the NH linkage. 


Dative con- 


N = 


^=\ © 
©)-N= 

I 

H 




t 
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Spin Density Distributions 




+0.00146 


Figure 2 
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Dative conjugation is found to proceed much more efficiently with 
the NH group than with the oxygen or sulfur atoms as conjugative 
linkages. For fluorine in fluoroaromatics, dative conjugation is 
also possible and a rather more detailed treatment can be 
made[15,16]. has a nuclear spin of 1/2 so theNMR charac¬ 
teristics are favorable for observing contact shifts. A param¬ 
eter Qcf, analogous to the similar quantity for the C-H bond 
defined in Eq. 2, may be obtained from these measurements. It 
is found, though,that Qcf differs from in two respects. 
is positive and its numerical value depends on the position of 
fluorine substitution. Analysis of the data from a number of 
fluorine substituted nickel (II) aminotroponeimineates has led to 
the conclusion thatQ^pis composed of a negative contribution 
from the ct-tt spin polarization mechanism for spin density cen¬ 
tered on carbon and a positive contribution arising from spin 
density centered on fluorine. The latter contribution is a mani¬ 
festation of C-F double bonding in fluoroaromatics. 

Hyper conjugation has been studied in a number of tolyl 
derivatives [14,16] and in the compound with R=2-fluorenyL Di¬ 
rect evidence for the existence of the hyperconjugative effect is 
found in the direction (high or low resonance field) of the contact 
shifts. A proton senses the spin in an adjacent pir orbital by the 
polarization mechanism' indicated in Figure 3a. Thus a positive 
spin in the p71 orbital places a negative spin at the proton and 
gives rise to the negative sign of in Eq. 2. If, however, the 
hyper conjugation mechanism is operative, direct overlap of the 
hydrogen Is atomic orbitals with the pTi orbital of sp^ carbon 
places a positive spin density at the proton. Consistent with this 
hyperconjugative mechanism, contact shifts of protons of CH 3 
groups bound to sp 2 carbon always are found to be shifted in a 
direction opposite to that of hydrogen bound to the same carbon 
atom. 

Delocalization of spin density is not necessarily confined to 
77 systems, and by studying a series of compounds with R = alkyl 
we have obtained evidence for transmission of spin density through 
a bonds. In table 1 the relative shifts in the methyl, ethyl, 
n-propyl and n-butyl groups are shown. There is seen to be a 
fairly rapid attenuation of spin density along the alkyl chain, and 
preliminary calculations employing theLCBO (linear combination 
01 bond orbitols) procedure have indicated that the results are 
consistent with delocalization in the a system. 

^in densities in the 77 systems of these molecules can be 
calc^ated by any of the theoretical methods previously developed 
0 interpretEPRresults[l7]. Since large negative spin densities 
are observed, only calculation schemes which take into account 
electron correlation are likely to he successful. One such theo¬ 
retical approach is the valence bondprocedure [18,19], lhtahle 2 , 
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Figure 3. Models for nucleus-electron interaction in 
(a) a -C-H fragment and (b) a • C-CH 3 fragment. 

Table I 


Relative Contact Shifts of 
Ni (II) N,N*-AIkyl Aminotroponeimineate 



R 


R 



Ry 

CH 2 

(CH 3 )* 



CH 3 

Methyl 



-2.568 

+3.358* 




Ethyl 

-1.949 


-2.678 

+3.239 

+0.213* 



n-Propyl 

-1.964 


-2.632 

+3.440 

+0.235 

+0.123* 


n-Butyl 

-1.958 


-2.617 

+3.502 

+0.230 

+0.142 

+0.070 
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Table 2 


Comparison of Experimental and Calculated Spin Densities 



^•Normalization Factor 10.7 
15 Structures In Calculation 
“Normalization Factor 10.5 
8 Structures in Calculation 


ej^erimental spin densities are compared with the results of 
jalenee bond c^culations for the aminotroponeimineate ring and 
for the nickel (H) r-(phenylazo)-aminotroponeimineate. Calcu¬ 
lations w^e carried out [20] assuming that one unpaired electron 
was tranrferred from nickel to the aminotroponeimine ring. 
Calculated spin densities were then reduced by a suitable factor 
to give best agreement with experiment. By this combination of 
eory ^d e^eriment, it was shown that approximately l/lO of 
an electron is delocalized to each aminotroponeimineate ligand 
as a res^t of dir-pjr bonding. This result constitutes a measure 
01 the extent of such bonding in these nickel (O) chelates. 

The above examples indicate ways in which determinations 
of spin density distributions in paramagnetic nickel (H) amino- 
troponeimineates by NMR contact shifts can be used to elucidate 
1 conjugation and chemical bonding. This approach, 

• ^““o^^oponeimineates or other paramagnetic 
to give rather detailed information about the 
electronic structure of large molecules for which other physical 
techniques are often unduly cumbersome or inapplicable. 
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UNSTEADY MODES OF THE SPIN GENERATOR 


K. V. Vladimirsky and B. A. Labzov 
P. N. Lebedev Institute of Physics 
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Moscow, USSR 


The topic of the present paper is closely connected with the 
problem of the frequency scale stability in high-re solution nuclear 
magnetic resonance. There is a very good progress in this field 
in recent years, but still in most cases the long time stability 
does not correspond to the minimum line width. 

The only choice in this respect is to stabilize nuclear mag¬ 
netic resonance by nuclear magnetic resonance. There are sev¬ 
eral ways to do this. In our laboratory we investigated the pos¬ 
sibilities of the simple proton stabilizer in high-resolution NMR. 
A very elegant solution was given by Varian in A-60. But still 
the problems remain to be overcome because of the field strength 
difference between two samples used. It should be emphasized 
also that the second control sample necessarily would be located 
in a field with homogeneity not so good as that at the sample 
under study. 

I believe the best solution must be a single sample spectrom¬ 
eter. In our laboratory we constructed and tested such a spec¬ 
trometer [l] based on the idea of the Schmelzer spin generator. 
Both for the ^ectrum study and for the precise stabilization, a 
single sample is used. The strongest of the lines is the control 
one. The rest of the lines are recorded by usii^ a double modu¬ 
lation. The synchronous detection of the signals proceeds in our 
case by means of the two succeeding ring modulators because of 
the necessity to obtain the reference frequency following the un¬ 
stable polarizir^ field Hq. ^ectrum sweeping proceeds by 
changing slowly the second modulating frequency. Frequency 
marks are obtained by means of the crystal calibrator. Some 
nonlinear effects are possible in such a spectrometer because 
of the presence of two signals in one and the same circuit, but 
they are small when the control signal is strong enough and do 
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not prevent precise chemical shift measurements. The repro¬ 
ducibility of such measurements is very promising, better than 
10 . In this way we measured the relative chemical shift of the 

two important substances: tetramethyl silane, widely used as a 
reference compound, and its heavier homolog tetramethyl ger¬ 
manium [3]. The last of the two maybe more convenient in some 
cases because of its higher boiling point. 

But a lot of problems still remain connected with the use of 
the spin generator as an element of high resolution nuclear 
magnetic resonance spectrometer. 

Most of the troubles are connected with the stability of the 
amplitude of the spin generator oscillations. The theory de¬ 
scribing the spin generator with linear feedback circuit is iden¬ 
tical with that of the nuclear maser as given by Comhrisson [4]. 
The basic result of this treatment is the stability of the ampli¬ 
tude of the oscillations at all values of the feedback. This cannot 
be applied to the spin generator operating with the narrow line 
sample. The steady oscillations can be obtained experimentally 
in this case in very narrow limits of the parameters of the gen¬ 
erator only. There are many points in common in this respect 
between masers and maser-type n.m.r. apparatus. 

Avery considerable improvement of the oscillation stability 
was obtained in our case by using a noninerted non-linearity, a 
limiting amplifier, in the feedback loop [1]. This is equivalent 
to the amplitude of the feedback signal being fixed. At the same 
time the frequency follows that of the signal induced by the 
sample. The theory of such a spin generator is similar to that 
of the linear case. The corresponding equations can be derived 
from Bloch equations [s] 


^ m = kyM 2 

^ rHo = 0 (1) 


where Wy =me‘'*’, k = coefficient characterizing the am¬ 
plitude of the feedback. It was assumed by deriving the equa¬ 
tions (1) that the polarizing field Ho is homogeneous and that the 
phase changes in the feedback circuit can be neglected. The 
solution of these equations gives at any k p > 0 the self excite¬ 
ment proceeding to the stationary sinusoidal oscillations. At 
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the small perturbations decay exponentially, outside of this inter¬ 
val the transients are oscillatory. 

Experiments performed with our spectrometer show, that 
the use of this limit gives good amplitude stability in the absence 
of saturation only. At higher values of the r.f. field the oscilla¬ 
tions become unstable with periodic abrupt changes of the am¬ 
plitude. The most important indication of the origin of this in¬ 
stability is the small change of the frequency of oscillations 
which always accompany the instability of the amplitude. These 
changes of the frequency are very small, less than the technical 
line width dependent on the inhomogeneity of the polarizing field 
Hq. Nevertheless they are very essential as it is the only change 
of the signal penetrating through the limiting amplifier. For the 
detailed study of these frequency change special experiments 
with enlarged specimens (17 mm in diameter) were carried out. 
In these experiments we observed easily measurable charges of 
the frequency without violation of the general character of the 
instability. In this way it was stated that the frequency of oscil¬ 
lations of the spin generator in an unstable mode of operation is 
a monotonic function of the time with abrupt changes (of saw¬ 
tooth type). The frequency deviation is small when the amplitude 
of the r.f. field is just beyond the limits of stable operation. By 
increasing the amplitude of the r.f. field one obtains the frequency 
deviation corresponding to the inhomogeneity of the polarizing 
field Ho. 

Forthe explanation of these phenomena itmustbe mentioned 
that as the result of thefield inhomogeneity the signal controlling 
the frequency is created not in the sample as a whole. Simple 
evaluations show that even in the best high-resolution spectrom¬ 
eters the polarizing field inhomogeneity exceeds by much the 
natural line width. So the r.f. field excites the nuclear moment 
transitions in a small fraction of the volume of the sample only. 
The saturation begins in this same fraction of the volume when 
the amplitude of the r.f. field is increased. The resonance curve 
of the sample as a whole becomes then a bell-shaped curve with 
a notch [6j. Such local saturation in the sample becomes the 
cause of the instability. The resonance area moves from the 
saturated parts of the sample to the fresh ones, which is accom¬ 
panied by the corresponding change of the frequency. The mono¬ 
tonic character of the frequency changes agrees well with such a 
concept of the origin of the instability. The order of magnitude 
of the rate of such a "self-sweeping” maybe evaluated assuming 
that the frequency change for the time interval sufficient for the 
partial saturation is equal to the natural line width, which gives 
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dco 

~ ■ 

This eq.uation agrees with the magnitude and the field strength 
dependence of the sweep rate observed. 

It should be emphasized that these effects are to be studied 
in more detail in the future. 
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THE APPLICATION OF ELECTRON MAGNETIC RESONANCE 
TECHNIQUES TO THE STUDY OF THE PHOSPHORESCENCE 
OF ORGANIC MOLECULES 


Clyde A. Hutchison, Jr. 
Department of Chemistry and Enrico Fermi 
Institute for Nticlear Studies 
University of Chicago 
Chicago, Illinois 


RELATIONSHIP BETWEEN PHOSPHORESCENCE OF 
ORGANIC MOLECULES AND ELECTRON MAGNETIC 
RESONANCE SPECTRA 

Introduction 

This talk will summarize the work done in various labora¬ 
tories, and reported during the past several years, on the appli¬ 
cation of paramagnetic resonance techniques to the study of the 
photoexcited triplet states of organic molecules. This work links 
two fields of interest to spectroscopists; phosphorescence of 
organic molecules and paramagnetic resonance. 

Lewis mechanism for phosphorescence 

As a result of a series of brilliant experiments on the spec¬ 
troscopy of phosphorescing organic systems G. N. Lewis pro¬ 
posed in 1944 a new mechanism for their phosphorescence. Fig¬ 
ure 1 illustrates the energy levels and states involved in his 
mechanism. He postulated the populating of metastable excited 
states via radiationless transitions from the excited singlet states 
of nearly the same energy. These singlet states are responsible 
for the visible and ultraviolet absorptions of aromatic conjugated 
ring systems. This radiationless process was assumed to be 
followed by loss of vibrational energy to the rigid medium in 
which the phosphor was dissolved, thus trapping the molecules 
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in the lowest vibrational level of the lowest metastable excited 
state. The metastable states were assumed to be triplet states 
with spin 1, one electron having been flipped over during the 
radiationless transition so that the molecules contained two un¬ 
paired electrons. 

strong forhiddenness of singlet-triplet transitions was 
responsible for the relatively long phosphorescence 
lifetimes, several seconds or minutes. Spin-orbit coupling, which 
is a magnetic perturbation capable of flipping spins, was believed 
to be the main source of phosphorescence transitions back to the 
ground state. 

Figure 1 shows the situation in the case of naphthalene with 
energy levels given approximately to scale. 


Paramagnetism of triplet states 


mechanism implied the occur¬ 
rence of photomagnetism and with Calvin and Kasha performed 
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the first experiments proving that paramagnetism accompanied 
such phosphorescence. 

Figure 2 represents the 5 filled bonding 7T-orbitals and 5 
antibonding orbitals of naphthalene with its 10 C atoms. The 
numerical values given in Figure 2 are those of Moffitt and 
Gouterman. 2 excitations of low energy are indicated. These 
both have the same symmetry, namely the symmetry which the 
paramagnetic resonance results demonstrate to be the case for 
the lowest triplet. In the excited state the 5 and 5' or 4 and 4' 
electrons may have their spins parallel since they occupy differ¬ 
ent orbitals. It is such a paramagnetic state with 2 unpaired 
spins which was postulated as responsible for the long-lived 
phosphorescence observed in aromatic molecules. 



L ■= sin (t> ( 5 , 5 ') + cos <t) 

0 . 

<t) = 1.01 (58") 

D/hc «= + 0.104 cm“^ 

E/hC = -0.0156 cm 

Figure 2. 


CHARACTERISTICS OF TRIPLET STATE PARAMAGNETIC 
RESONANCE SPECTRA 

Analogy with 

These triplet states with S = 1 of course differ markedly in 
the nature of their paramagnetic resonance spectra from the 
doublet states of organic free radicals and free radical ions with 
S = 1/2. The triplet states are analogous to the ground states of 
the much studied Ni’^^ ion in crystals, where there is essentially 
no orbital degeneracy, and the paramagnetic resonance spectra 
arise from a ground manifold of 3 states associated with the spin 
of 1. 

Magnetic dipole-dipole interaction 

One of the main differences of these triplet state spectra 
from those of the free radicals arises from the removal of de¬ 
generacy in the absence of a magnetic field in the case of the 
triplet states. 
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The magnetic dipole-dipole interaction between the moments 
of the 2 unpaired electrons has as a result the removal of the 
triplet electronic degeneracy even in the absence of any external 
magnetic field- In the case of the doublet states there is of 
course the 2-fold electronic degeneracy in the absence of a 
magnetic field. This triplet degeneracy removal occurs because 
of the dipole-dipole correlation as the electrons are constrained 
to move in the ir-systems of the very flattened planar aromatic 
structures. 

The energy required to turn over one bar magnet of moment 
13 in the presence of another of the same strength which is one 
aromatic C-C distance away, corresponds to 0.16 cm'^. This is 
about as close as the 2 electrons can get because there is only 
one p orbital on each C, the spins are parallel, and they must not 
violate the Pauli principle. Because we are dealing with a triplet 
state the spin part of which is symmetric, the spacial part of the 
state must be antisymmetric and this gives a strong correlation 
of the electrons' position in space, keeping them apart. We 
therefore expect to find zero field splittings a little less but of 
the same order as the 0.16 cm*^ just mentioned. 

Anisotropy of spectra 


We will also expect a strong anisotropy in our paramagnetic 
resonance spectra of triplet states in contrast to free radical 
spectra which occur at almost hr//3H = 2 regardless of direction 
of the magnetic field. Since the resultant splitting is a combina¬ 
tion of the splitting produced within the molecule by the dipole- 
dipole interaction and the splitting produced by the laboratory 
magnet, the angle between the lab field and the aromatic plane 
will be important because the two splittings are comparable in 
magnitude. In the usual microwave experiments the splittings 
produced by the laboratory magnet are of order 0.3 cm"^. In 
other words when we average the dipole-dipole interaction over 
the distribution of the 2 electrons in the flat aromatic structure 
it makes quite a difference to the result as to whether the lab 
field is holding the spin in some direction in the aromatic plane 
or in a direction perpendicular to the plane. 

Energy level diagrams 


magnetic dipole-dipole interaction on the 
Hr»n nf reson^ce spectra are easily seen from an inspec- 
th^maoi^Sp^f/h the triplet state energy is plotted versus 

I H |. We use the axis system 
shown m Figure 3. In the upper left corner of Figure 4 the enerev 
level situatton U eho™ tor the triplet l„ thi absence 0 “^ 
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PHENANTHRENE BIPHENYL 



Figure 4. 

dipole-dipole interaction (or other interaction resulting in zero 
field splitting). The states corresponding to the 2S+• 1 = 3 orien¬ 
tations of a spin angular momentum, S = 1, in an external field 
are labelled by 11>, |0>and |1>. The microwave quantum is 
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assumed to have the size indicated by the arrows and therefore 
e resonance will occur at the single field strength shown. This 
IS the same field strength at which the resonance would occur 
for the doublet S = 1/2 state of a free radical. 

Now suppose that we consider the dipole-dipole interaction 
between the 2 electrons with parallel spin in the triplet S = 1 
state. When tlie field H is applied along the z-axis the diagram 
m the upper right of Figure 4 describes the result. We see that 
now resonance for fixed microwave frequency will occur at 2 
difierent field strengths. Moreover for each different orienta- 
** respect to the molecule we will in general find a 
different such energy level situation. 2 others along the re¬ 
maining principal magnetic axes of the molecule are given in the 
ower la f of Figure 4. The separations of the 2 absorptions and 
the position of the absorptions in field vary with the direction of 
in the molecular axis system. In naphthalene the range of the 

at gauss. The experimentis done 

at about 3000 gauss and the anisotropy is very great. 

For randomly oriented molecules the absorptions are there- 
fore very broad. For oriented molecules the absorptions vary 
with direction of H as shown in Figures 5 and 6. In these figures 
magnitudes of field |h| at which resonance 
photoexcited naphthalenes are 
plotted on the horizontal axis and the dial readings (arbitrary 
scale proportional to angle) on the magnet are plotted on the 
v^-tical scale. The magnet was rotated and the crystal remained 



are in general 4 absorptions for each orientation of H. 

Sis crvsSrth^: naphthalenes are held in a durene crysSnd 

oScrvstano™?^^^^^^^ ^n 2 and only 2 orientations with respect 
10 me crystallographic axes. Each molecule gives 2 absorptions, 
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as we have seen, for each orientation. The stationary points in 
the variation of |h 1 for resonance absorption with angle occur 
7r/2 apart on the angle scale. In Figures 5 and 6H is being moved 
in principal magnetic planes of a naphthalene molecule. Hence 
the maximum and minimum in the 1 H | for resonance mil occur 
at the values of angle where we pass through the x, y or z-axes 
of the molecule. In the case shown in Figure 5 the two types of 
naphthalene molecule are oriented with aromatic planes almost 
perpendicular to each other and y-axes almost parallel to each 
other so that as we go around in toe xz-plane of one type we are 
also moving approximately in the xz-plane of the second type, 
but are 7r/2 out of phase. We have 2 almost identical patterns, 
one shifted ir/2 from toe other. The larger peak separation in 
Figure 5 corresponds to H | j z-axis and the smaller to H 11 x- 
axis. In Figure 6 we are moving in toe xy-plane. The y-axes 
are nearly parallel in the crystal. At the angle where H is 
parallel to the y-axis of one molecule it is almost parallel to toe 
y-axis of the otoer and here we therefore have only 2 peaks in¬ 
stead of the usual 4. In Figure 7 we show a similar diagram for 
a case in which oriented phenanthrene and naphthalene molecules 
occurred together in a biphenyl crystal. 

Spin-hamiltonian 

Such experimental results are very simply described by 
means of the operator 

k = S-T.S+ l6l H-g-S; S = 1. 

This is a Hamiltonian operator which, when diagonalized within 
the manifold of toe 3 states |1>, 1 0> and |1> of S = 1 (these are 
the states in the absence of dipole-dipole or magnetic field 
perturbations) gives toe 3 possible values of the energy of the 
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Phenanthrene And Naphthalene In Biphenyl 



Figure 7. 


triplet state system. The linear combinations of 11>, | 0> and 
11>-which diagonalize the operator are the states of the system 
m the presence of the perturbations described by the 2 terms of 
tills operator. 

Details of states and energies 


describes the spin-spin (magnetic 
The second term |/3|H-g-S describes 
tte inter^tmn of the spin with the laboratory magnetic field, H. 
IS the Bohr magneton. Since both S and H are vectors the 2 
constants T and g must be second rank tensors. 

diagonal form for S = 1 
P TI jr ® values as = D, = E and = 

tte eau^ ^ magnitud^^ different fr"^m 

neariv isTtrnn ? g-tensor is 

theoiLSllT p observed experimentally and expected 

Single scalar. We^'^'e^eSS approximately as a 

H = DS^ + E(SJ - Sj) + l^lg{H^S^+H^S^+H^S^}. 
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Figure 


g. Values of these may be found such that the diagonalized op¬ 
erator gives energy level separation versus angle in agreement 
with the experimental ones within the error of the measurements. 
If |H I = 0 we have K = DS^ + E(S^S2) + |^1 g{H,S^+H, S^+HySy}. 

When in addition E = 0 the operator DS^ remains which gives 
2 energy levels separated by D, one having 2-fold degeneracy 
and the other being nondegenerate. The 2-fold level is above the 
single one when D is + and is below it when D is E = 0 for 
molecules with a 3-fold axis perpendicular to the aromatic plane 
such as triphenylene and with a 6-fold axis such as benzene or 
coronene. If E 0 then diagonalization leads to 3 levels, all non¬ 
degenerate. Two of the levels are separated by 2E. The mean 
of these 2 levels is separated from the third by D. The 3 ener¬ 
gies are 0,D4E and D-E. This situation is described at the |H|= 0 
side (left side) of Figure 8 (for D positive and E negative). The 
states here are |0> (same state as in the absence of zero field 
splitting) and the symmetric and antisymmetric linear combina¬ 
tion of |1> and 1T>. When D = E = 0 we have just the magnetic 
interaction |g{H^S24H^S^4-HySy}. If we make H parallel to the 
z-axis we then have just |/31g|B |S^ and this gives the 3 energy 
levels ||3|g|Hljj_0 and - |^|g|Hl with the corresponding states 
I 1>, |0>and |1>. 

In the presence of both the dipole-dipole interaction and the 
laboratory field the energies are 0, D 4 {G 24 E 2 }^ and D-{G^+E2p^ 
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where G = |/3|g|||f |. in Figure 8 these three levels are shown 
plotted against | H | for 1 parallel to the z-axis. The states are 
cos 6> |1> + sin 0 11>, |0> and sin 6 |1> - cos 0 |1> where 29 
= tan“^ (E/G)* In very strongfields where the molecular splitting 
is negligible compared with splitting produced by H these 
states become |l>j |0>and 1respectively. 

In this talk crystal field effects have been ignored and only 
intramolecular fields and laboratory fields have been considered. 
In molecular crystals of aromatic molecules crystal field effects 
are measurable but are very small indeed relative to the effects 
considered above* 

Zero field spectra 

In constrast to the case for free radicals, S = 1/2, in which 
removal of the laboratory field leaves only the splitting produced 
by weak local magnetic fields, such as those of magnetic nuclei 
in the molecule, we have for the case of triplets, S = l,a splitting 
even when | H | = 0 which is of the same order of magnitude as 
that produced by | H|’s of several thousand gauss. As a result 
we may still see intense magnetic resonance absorptions when 
I H I = 0 because energy separations are relatively large and the 
Boltzmann distribution between magnetic states is still favor¬ 
able for observation of transitions. 3 transitions may be 
observed at zero field for naphthalene and other molecules of 
similar and lower symmetry since there are 3 levels. These 
transitions correspond to microwave quanta of magnitudes D+E, 
D-E and 2E. At zero field there is of course no longer any 
anistropy of field position for which magnetic resonance is ob¬ 
served at fixed frequency. However there is an anisotropy of 
intensity, i.e. the various transitions are polarized in different 
directions,the one of size D-+E being polarized alongthe x-axis, 
the one of size D-E along the y-axis and the one of size 2E along 
the z-axis as shown in Figure 9. It will also be noticed that in¬ 
asmuch as the zero field states are either (a) the state | 0> or 
(b) one of the states with mixtures of equal amounts of 11> and 

> namely, |1>+ |l>or |1>- |1>, the hyperfine interaction 
with magnetic nuclei in the molecule, or dipole-dipole interac- 
tionwithneighboringmagnetic species in the crystal, will largely 
disappear. ^ j 

Summary 

The chief differences between the electron magnetic reso¬ 
nance spectra of free radicals and the magnetic spectra of phos¬ 
phorescing molecules are seen to arise from: (a) the degeneracy 
removal by intramolecular magnetic dipole-dipole interactions 
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in the absence of an external magnetic field; (b)the anisotropy of 
the resonance spectrum with respect to the orientation of the ex¬ 
ternal magnetic field in the molecular axis system; (c)the exist¬ 
ence of splittings in the microwave region in the absence of a 
laboratory field; and (d) the absence of hyperfine interaction in 
zero external field. 

TECHNIQUES FOR THE INVESTIGATION OF THE 
PARAMAGNETIC RESONANCE SPECTRA OF TRIPLET 
STATE MOLECULES 

Single crystal measurements 

In order to eliminate all effects of the anisotropy of the 
paramagnetic resonance spectra of phosphorescing organic 
molecules it is necessary to orient the molecules in a single or 
in a small discrete number of directions in the external magnetic 
field. Inasmuch as the spectra are notobserved in pure crystals 
of the molecules because of the high mobility of the tripletexci- 
tationinsuch crystals itis necessary to incorporate the phosphor 
in a host which will fix the direction of the molecular axes of the 
molecule being examined. The host must of course have suitable 
transmission of light in the wavelength region required for the 
photoexcitation of the guest. Such an orientation of naphthalene 
in durene is illustrated in Figure 10. Such crystals were used 
for the measurements described in Figures 5 and 6. Another 
host crystal which has proved convenient for the orientation of 
phenanthrene or naphthalene is the biphenyl crystal described in 
Figure 11. This crystal was used for the measurements described 
in Figure 7. In such crystals intense sharp line spectra are ob¬ 
served and precise information on the fine structure (values of 
D and E) and the hyperfine interaction with magnetic nuclei is 
obtainable. 
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Randomly oriented molecules 

AM = 2 transitions 

Van der Waals and de Groot have studied the paramagnetic 
resonance of photoexcited triplet state molecules by observation 
of the transition from the state which for very l^arge IHIbecomes 
I 1> to the one -which for large fields becomes 11>. As shown in 
Figure 8, when tt is parallel to the z-axis the 3 states are 
cos 6 |1> + sin 9 |I>, |0 > and sin d 1 1> - cos 9 \ I>. When the 
microwave field, is perpendicular to the external magnetic 
field, H, and H is_ parallel to the z-axis, only the transitions 
cos 6 1 1> + sin 9 1 1> -► 10> and ) 0> sin 6 [ 1> - cos 6 \ T> are 
observable because only these involve the normal perpendicular 
Zeeman transitions-with changes of 1 in M, the strong field quan¬ 
tum number (1M>). These are the transitions described in Fig¬ 
ures 4, 5, 6, 7, and 8'. If is parallel to H,however,the selec¬ 
tion r\xle is AM = 0, and the transition cos 6 11> + sin 0 11> 
sin d 11> - COS0 |1> may be observed. These 2 states are-the 
ones which in strong fieldbecome 11> and 11> and this transition 
is therefore called a AM = 2 transition. When H is not along a 
principal magentie a^tis all three states of the triplet molecule 
are linear combinations of all three states ll>, 10> and |I>. 
Hence all 3 possible transitions may be seen. The AM = 2 transi¬ 
tions are less anisotropic than the AM = 1 transition. The AM = 2 
transitions are sufficiently isotropic that they may be observed 
in randomly oriented molecules e.g., in solutions of organic 
phosphors in a glass. This permits the study of many of these 
systems without the necessity of finding suitable host crystals in 
which the molecule may be incorporated as an oriented species 
and greatly extends the scope of possible investigations. 


AM = 1 transitions 

It has recently been observed by Wasserman that the AM =1 
transition shown in Figures 5 and 6 may also be observed in 
glasses containing randomlyorientedphosphor molecules. There 
is a sufficiently larger number of the randomly oriented mole¬ 
cules with orientations such that they give resonances at fields 
near the stationary points of the patterns sho-wn in Figures 5 and 
6 than there is of molecules giving peaks at other fields, that 
signals in the vicinity of these turning points can be observed. 

Zero field transitions 

Because of the fact that, as explained earlier, the magnetic 
resonance absorptions of these triplet state molecules are 
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intense at zero magnetic field, the spectra of randomly oriented 
molecules of such phosphors in glasses may be observedin zero 
field. Because of the absence of line broadening due to hyperfine 
interaction and dipole-dipole interaction with neighboring para¬ 
magnetic species we may expect these spectra to consist of 
sharp intense lines. This provides a very useful technique of 
considerable sensitivity for the investigation of randomly oriented 
phosphor molecules. 

RESULTS OF THE INVESTIGATIONS OF TRIPLET STATE 
SPECTRA 

Spin-hamiltonian parameters and zero field splittings 

Tables I, II and in list some results of measurements of 
parameters in the spin-hamiltonian- These results were ob¬ 
tained at the boiling point of liquid N 2 and at both ~ 10,000 me 
sec ^ and ~ 23,000 me sec'^ microwave frequency. The mag¬ 
netic resonance spectra were observed during continuous irra¬ 
diation of the crystals with light from a high pressure Hg arc. 
Table I gives g values for naphthalene. It will be seen that g is 
nearly isotropic. Tables n and HI give values of D/hc and E/hc 
for naphth^ene and phenanthrene respectively. D and E have 
opposite signs and Klein has shown that D is +. The values 
labelled low field were obtained from transition frequencies 
measured at fields from 4 to 50 or 75 gauss and represent 
extrapolations to zero field. At 4 gauss the measured frequen¬ 
cies are equal to the true zero field frequencies to within a few 
units in the sixth decimal place. 

Table I 

HIGH FIELD RESONANCE 


^ « HgS + DS^ + E(S^ - S^) 


®xx 

^yy 

Szz 

1 

E/hc 

1 



cin“ 

cm"" 

„ 2.0050 2.0050 

i0.0004 i0.0012 

2.0029 ±0.1003 ^0.0137 
±0.0004 ±0.0001 ±0.0002 

2.0030 2.0031 2.0023 ±0.1010 

±0.0004 ±0.0003 ±0.0006 ±0.0002 

f0.0134 
±0.0001 
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Table H 

NAPHTHALENE 


UNIT 

cm“^ 

PROTO 

DEUTERO 

DURENE 

BIPHENYL 

D-DURENE 

HIGH 

D 

+ 0.1003 

+0 •099^ 

+ 0.1010 

FIELD 

E 

- 0.0137 

-0.0154 

-0.0134 

LOW 

D 

+0.10118 

+0.09920 

+0.10134 

FIELD 

E 

- 0.01408 

-0.01545 

-0.01395 


Table HI 


PHENANTHRENE 


UNIT CM**^ 

BIPHENYL 

PLUORENE 

High 

Field 

D/lic 

E/hc 

+0.1008 

- 0.0467 

+0.1005 

- 0.0445 

Low 

Field 

I>l-E 

Tic" 

+0.05587 

±0.00002 


D-E 

TiT 

+0.1-4701 

±0.00002 


2 E 

Ec 

-0.09515 
iO.00005 

-0.09045 

±0.00005 

D 

Ec 

+ 0.10044 

± 0.00002 


E 

Tic 

- 0.04657 

± 0.00002 

-0.04528 

± 0.00002 


The values found for the spin-Hamiltonian parameters are 
in excellent agreement "with those calculated as mentioned pre¬ 
viously by Moffitt and Gouterman and others and show that the 
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origin of the zero field splitting is indeed the magnetic dipole- 
dipole interaction between the 2 electrons with parallel spins in. 
the triplet state. 

It should be noted that although crystal field effects are small 
the effect of the medium in which the phosphor is held can be 
observed and measured. The effect of deuterium substitution on 
the values of the parameters can also be seen. The effect of 
temperature has been measured and in the vicinity of the boiling 
point of liquid Nj the temperature coefficient of (D-E)/hc for 
naphthalene in biphenyl was foimd to be -l.SxlO'^ cm'^ deg-^. 

These experiments on the fine structure of organic phosphors 
oriented in host crystals have proved 

A. the triplet character of the states associated with the 
phosphorescence of these molecules; 

B. the origin of the zero field splitting in the magnetic 
dipole-dipole interactions of the 2 triplet state electrons; 

C. the orientation of phosphor molecules in the host crystal 
with principal magnetic axes parallel to those of the host; 

D. the small effects of crystal fields. 

Hjq)erfine structure 

The theory of the observed isotropic and anisotropic hy^er- 
fine interactions of n-electrons with protons attached to aromatic 
rings in organic free radicals is now quite well understood. In 
the case of the organic phosphors oriented in host crystals we 
have the opportunity of investigating the anisotropic hyperfine 
interaction in photoexcited triplet states. 

The magnitudes of both the isotropic and anisotropic com¬ 
ponents of the proton hyperfine interactions in such systems are 
very accurately proportional to the normalized electron spin 
density on the C atom to which the H in question is attached. A 
C atom of an aromatic ring with attached H is described in Fig¬ 
ure 12. The A-axis is along the C-H bond, the B-axis is normal 
to the plane of the aromatic ring and along the axis of the p orbital 
on the C atom and the C-axis is a third mutually perpendicular 
axis. The isotropic plus anisotropic proton hyperfine splittings 
per unit spin density on adjacent C atom are approximately 30, 
60 and 90 me sec along the A, B and C-axes respectively. We 
may regard our triplet state molecule as a collection of such 

fragments. Figure 13 shows such a collection of 8 fragments 
in the case of the naphthalene molecule. There are of course 
only 2 types of structurally inequivalent C-H fragments in this 
particular molecule, the 4 at fragments which are located next to 
the hydrogenless bond at the center of the molecule and the 4 /3 
fragments. One ABC system for an a fragment and one ABC 
system for a 0 fragment are shown in Figure 13. Now suppose 
that the laboratory field H is along the x-axis of the naphthalene 
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molecule. In this orientation H is close to parallel to the C-axis 
of the fragments, i.e., to the direction of largest hyperfine 
interaction. The a C atom is the one with largest spin density, 
the numerical values of the spin densities being 0.209 and 0.083 
for the 0 ! and/3 C's respectively (and presumably having a small 
negative value for the central C's). The total spin density of the 
molecule must be normalized to 1, not 2. On the other hand for 
the 3 fragments H is close to the A-axis, i.e., to the direction of 
smallest hyperfine interaction. The ^C's are also the ones with 
me smallest spin density and hence the contribution of the j3 
fragments to the hyperfine splitting is very small compared with 
that of the a fragments. The 4 equivalent o' interactions there- 
fore give a 5 peak pattern, each proton having spin 1/2. Each of 
these 5 paks is further split by a smaller amount into 5 peaks 
giymg the total of 25 peaks expected for 2 sets of 4 equivalent 
spins each. The splittings of the 3's have not at the present time 
been resolved With H in the direction of the x-axis of naphtha¬ 
lene the 5 peak pattern shown in Figure 14 is observed (first 



Figure 14 . 


ELECTRON MAGNETIC RESONANCE TECHNIQUES 699 

derivative of the absorption). IE now a D atom is substituted for 
an 0 ! H atom it vrill produce only a very small hyperfine inter¬ 
action because of its much smaller gyromagnetic ratio. We now 
have only 3 a H's and a 4 peak pattern is observed. With sub¬ 
stitution of a second D the 3 peak pattern of Figure 15 is the 
result when H is parallel to the x-axis of naphthalene. Thus we 
see that the hyperfine patterns which we observe may be under¬ 
stood in terms of the conventional theories of the hyperfine inter¬ 
action and afford very detailed insight into the electronic struc¬ 
tures of the triplet state systems. With H parallel to the z-axis 
and with the substitution of one |3 D only, the pattern shown in 
Figure 16 is observed. 

These investigations of the hyperfine patterns of the triplet 
state spectra of ordinary light naphthalene and of the D substi¬ 
tuted species have proved that 

A. the chemical species responsible for the phosphorescence 
and paramagnetic resonance absorption is the naphthalene mole¬ 
cule; 

B. the orientation of the naphthalene molecule is such that 
not only are its principal axes parallel to those of durene but 
also the x,y and z-axes of naphthalene are parallel respectively 
to the X, y and z-axes of durene; 
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Figure 16 , 


and ^ responsible for the phosphorescence 

and the magnetic spectrum is and not arhirhPPn 
claimed, or some state of other symmetry "" 


Isotope effect on lifetimes 


tion pe^^' LS^n ^ ® naphthalene the absorp- 

rTch Ltre XsP "I observed. This absorption is 

accounts for the previous slides and this 

lifetim? ofVhi: TbX^orSer^S^^^ 

ni6asurecl itwasfonnfi ~ in of irradiation was 

2.1 sec for ordinari? t hf oomparedwith the measured 

intensity is dup tn fh *^Phthalene. The increased signal 

The 2.1 sec lifetime fnrfhf Phosphorescence emission. 

aecay and the decay occurs then largely by 
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Figure 17. 
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phosphorescence which has the longer lifetime. D has the effect 
^pneral, for aromatic molecules, of lengthening the lifetimes. 
This effect was first observed by study of the paramagnetic res¬ 
onance spectrum. 

Energy transfer in organic crystals 

Paramagnetic resonance absorption has been employed to 
investigate the transfer of triplet excitations from one molecxilar 
species to another in a rigid medium e.g.,the transfer of triplet 
excitationfromphenanthreneto naphthalene whenboth molecules 
are oriented in the same biphenyl crystal has been observed at 
the boilmg pomt of liquid Nj. Figure 18 shows the lower energy 

P^^'^threne and biphenyl. When such a 
biphenyl crystal containing naphthalene andphenanthrene was ir- 
ra.diated the results described in Table IV were obtained. The 
rru species whose resonance was observed. 

^ mentioned in the slide was a solution of naphthalene 
placed between the Hg arc and the biphenyl crystal 
^d which of course removed aU light absorbable by naphthalene. 

intensities of the resonance 
^als of the crptalline solutions in the presence of this high 
between the light source and the crystal¬ 
line solution to (b) the intensities in the absence of such a filter. 

Q1 in Table IV shows the following: 

siLiJwhe^onll naphthalene magnetic resonanci 

crSrY 2 ^ ® present as solute in the biphenyl 

nance sienal to anI7n phenanthrene magnetic reso- 

tinoin approximately one-half its value whether naph- 

thalene is present in the biphenyl crystal or not. Tlh? 

ab°s7rption available in the a- 

UghtTn the Sr fsf 7h f7 absorption of 

gnt in tne filter. (3) The filter does not annihilate the naphtha- 

ne magnetic resonance signal when phenanthrene is also pres- 

ent. In fact the naphthalene magnetic signal is attenuated by only 

phenanthrene signal is 
reduced. The triplet states of naphthalenes are clearly excited 

ThiJS ^ yansfer of energy from phenanthrene molecules. 
This transfer does not appreciably reduce the steady state con- 
centration of triplet phenanthrene. 

The observed anisotropies of the fine structures and the 

P^^^“^®ters of both the naphthalene 
and pher^threne spectra show that both molecular species occur 

solute molecules have entered the 
or w+h biphenyl whether added individually 

of bol principal magnetic axes 

01 both the naphthalene andphenanthrene molecules are respec¬ 
tively parallel to those of biphenyl molecules 
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In Table IV we have summarized the observed values of the 
parameters D and E for naphthalene and phenanthrene in biphenyl 
and other solvents. These measurements serve, of course, to 
identify the orientations described above. Inspection of Table IV 
shows that whereas a change of solvent from biphenyl to durene 
orfluorene produces changes in transition frequencies which are 
from 25 to 150 times as large as the experimental uncertainties, 
the transistion frequencies of both naphthalene and phenanthrene 
are independent, within experimental error, of the presence or 
absence of the other in the biphenyl crystal. This indicates that 
the environment of a solute molecule of one species is the same 
whether or not the other species is present in the biphenyl crys¬ 
tal. One might therefore conclude that (a) complex formation 
betweenphenanthrene and naphthalene or (b) some type of molec¬ 
ular association or juxtaposition in the crystal structure did not 
occur to an observable extent. 

These results indicate the possibility of the transfer of trip¬ 
let state energy between the two solutes by means of the biphenyl 
structure. 

Ground state triplets 

A related subject of interest which is not included under the 
title of this talk is the investigation of stable triplet ground 
state organic molecules. Such states have recently been observed 
byWasserman and in our own laboratory together with Gloss and 
Brandon. We have observed stable triplet states produced by 
irradiation of diphenyldiazomethane with visible light in abenzo- 
phenone crystal. We believe that the stable species is diphenyl- 
methylene described in Figure 19 together with the host species, 
benzophenone. The species which we observe is a triplet state 



DIPHENYLWIETHYLENE 



BENZOPHENONE 
Figure 19. 



Solvent Solute Magnetic Intensity without Filter 

Resonance -j- 
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molecule produced by the irradiation with visible light, which 
does notdecaywhen irradiation ceases, provided the temperature 
remains at the boiling point of Nj, showing it to be in its ground 
state. Also the zero field splittings which we observe are much 
larger than those which we find for photoexcited triplet states of 
aromatic rings indicating that the 2 triplet electrons get much 
closer together than in the previously investigated phosphors. 
This is of course possible on the central C of diphenylmethylene 
where 2 orthogonal p orbitals are available for simultaneous 
occupancy by these electrons. 
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Magnetic spin resonance is a comparatively new branch 
of spectroscopy. The quantization of the spatial orientation of 
the spins of electrons or nuclei with respect to a static magnetic 
field results in discrete energy levels. Between these energy 
levels magnetic dipolar transitions may be induced by a radio 
frequency electromagnetic field, provided its frequency fulfills 
the resonance condition; 


hi^ = AE = ■ 


In contrast to other branches of spectroscopy, where the 
frequency is the fundamental quantity to be measured, in mag¬ 
netic spin resonance the frequency is proportional to the applied 
field, and the factor of proportionality, the g-value, is the sim¬ 
plest basic quantity characteristic of any particular system. 

However, ESR renders much more detailed infornnation by 
virtue of the interaction of the electronic spin with neighbour¬ 
ing nuclei. The splitting of the ESR- absorption line into indi¬ 
vidual components by this interaction is termed hyperfine struc¬ 
ture (HFS). The energy of the hyperfine interaction with one 
nucleus is usually expressed in the form of a HamiltonianKg^g, 
the subscript indicating that the other terms/ of the spin- 
Hamiltonian have been omitted; 


^HFS 


Se % M'S 



-4 —> “ 4 . 

3(S-r) (I.r) 



In 

3 


For more than one nucleus this expression has to be extended 
to a sum over all nuclei. 
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The first two terms originate from the direct magnetic 

fhrSs .^^^®^*ion-dependent anisotropic part of 

the HFS can be studied in single crystals. We are here con¬ 
cerned with the anisotropic HFS only in so far as it causes broad 
lines in randomly oriented material. Consequently high reso- 

reason as high resolution 
absorntinn anisotropic broadening of the 

.K® fjeraged out by the fast tumbling of the 
molecules due to the thermal motion, 

called the "Fermi" or "contact- 
tho^’ proportional to the square of the wave function of 
electron at the nucleus. This "isotropic" HFS pro- 

uinairpd“!w the extension of the orbital of the 

the?tat,tt^ptf''°'^’i,?^ language of valence bond theory, 

atistical weight of the mesomer resonance structures. A 

the naramlff ^.^^'^fttern is a "fingerprint" suitable to identify 
the paramagnetic substance from which it originates 

® amount of information obtainable inESRas in any spec- 

ever increases with increasing resolution. How- 

occik havP not T" t)est possible resolution 

C * t>een studied as systematically in ESR as in 

liSdl^r resolution Ls been estab- 

s Srobablv't^Tfr this difference 

NMR S different origin of the line width. While in HR- 

techniQuP resolution is primarily determined by the 

maenpHp r m l^^^ticular the homogeneity and stability of the 

S ESR nrSlt; f tinewidth of the individual HFS-coinponents 

that Is hP T ^’^y^tcal events within the sample itself, 

requires the therefore, HR-ESR 

requires tHe study of relaxation mechanisms 

The firft 1 ° distinguish two relaxation phenomena, 

system an??f? teniperature equilibrium between the spin 
system and its surroundings; the rate of energy transfer be¬ 
tween the spin system and the "lattice" is measured by the spin 

e^stTlrch°^“"^" I"! comprTses"aSpr?c 

the rate of chanpp nf'+h^^^ system remains constant; 

spin inte?actionf if «y«tem due to spin- 

T^'a Finally the rec^lSlvidth S tofE;?rbsoSnfial^s 


Ar w i = _ 4 

T 2 Ti ^ 1^' ’ 


Cl 


where Cj and C 2 are constants- whose value depends on the 
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particular relaxation mechanisms which occur in a given sample. 

A theoretical treatment of the origin of the linewidth of the 
HFS-components has been given by Kivelson [1] and others. 
The three most important mechanisms by which relaxation 
occurs are: 

1. Magnetic dipolar interaction. 

2. Exchange interaction. 

3. Interactions involving spin-orbit coupling. 

1. The magnetic dipolar interaction is always present; its 
description is based on the theory of Bloembergen, Purcell and 
Pound [2]. Following these authors one has to consider the mag¬ 
netic noise spectrum as a function of the frequency. The Fourier 
component in the Larmor frequency induces transitions between 
the energy levels and therewith contributes to Ti; its intensity 
depends on the correlation frequency, i.e., the viscosity of the 
solvent. On the other hand, the quasi-static "near zero” fre¬ 
quencies determine the spin-spin relaxation time T 2 '. Both 
depend on the temperature; the resulting line width could be 
shown to decrease with decreasing viscosity and increasing 
temperature respectively. At higher concentrations the domi¬ 
nating interaction is the one between the electronic spins be¬ 
cause of their much bigger magnetic moment, while at lower 
concentrations the interaction between the electronic spin and 
the neighbouring nuclei becomes more important. Consequently, 
the linewidth originating from magnetic dipolar interaction should 
be concentration-dependent at high concentration and level off at 
lower concentrations. 

2. The contribution of the exchange interaction both to Ti 
and T 2 ' depends on the exchange frequency f^x, which is in a 
liquid proportional to the number of collisions per unit time [3], 
and consequently to the concentration and temperature: 

fg^ -ckT/?]. 

The linewidth of the individual HFS-components due to exchange 
phenomena increases with increasing concentration and with in¬ 
creasing temperature. 

3. The relaxation mechanisms involving spin-orbit cou¬ 
pling are somewhat more complicated. The anisotropy of the 
g-value increases with the square of the spin-orbit coupling 
parameter A.. This effect leads to a static term which con¬ 
tributes to T 2 ' and is dominating at high viscosity, and leads 
as well to a term contributing to Ti which becomes more im¬ 
portant at tower viscosity. The linewidth due to this type 
of interaction is proportional to the applied magnetic field 
Ho and could hence be distinguished from another mechanism to 



710 


SPECTROSCOPY 


be described as follows: The spin-orbit interaction couples the 
spin S which is oriented with respect to the external magnetic 
field, to the orbital momentum, L, which has a fixed orientation 
within the framework of the molecule. The angle, 9, between 
the molecular axis and the magnetic field varies due to the tum¬ 
bling of the molecules in solution. The variation of 6 causes a 
tune dependent perturbation of the Spin-Hamiltonian which con¬ 
tributes to the relaxation. The relevant frequency for this inter- 
action IS the rotational correlation frequency (r^ ,.„J, for which 

= 47.va3/3kT is usually 
used, (a = radius of the molecule, rj = viscosity.) Without going 

interactions based 

on spm-orbit coupling do not depend on concentration in contrast to 
the other relaxation mechanisms mentioned above. Relaxation via 
spin or 1 coupling is the dominating mechanism for paramagnetic 
nietal chelate compounds containing heavy elements, 
only ^ important for free radicals containing first row elements 

illustrate this theoretical reasoning by some 
®f”‘^w^‘=*'-di^enzene complexes of chromium, 
suitable examples for case 3, 
T T"" coupling. These three compounds have 
crea<!i?f electronic configuration, but in- 

nn T ^ numbers Z and therewith increasing spin orbit 

spectra in ethanol at different tern- 

from torto'X" ‘ “““O’" 

tialW lilT the Cr-complex is par- 

the "fhortpr T smeared out in the Mo-complex by 

^ tS S ‘ oi-igmating from the larger spin orbit coupling. 

-complex the line is so broad as a result of the still 
larger spin-orbit coupling that it cannot be detected. With in- 

the iSensiwTttP^^® Brownian motion is slowed down and 
the intensity of the Fourier component at the Larmor frequencv 

is reduced, with the result that at -80°C the HFS of the Cr- 

S resSv^^'rn Mo-confplexTs pL- 

observable t of the W-complex becomes 

the e-v2ie structure. At -100“C the anisotropy of 

of the molecules w averaged out by the reorientation 

Finallv at resjRt that all structure disappears, 

rinally, at -140 C the linewidth of the Cr and Mo-comoound are 

U '’f I?" InteracUon which 

tte Mo recoimion of 
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Figure 1. ESR spectra of the dibenzene-iodides of Cr, 

Mo and W in ethanol at different temperatures. 

spin-orbit interaction. It is obvious that such systems with large 
spin-orbit coupling are not suitable for HR-ESR. 

Solutions of free radicals possessing a small spin-orbit 
coupling parameter X at medium and high concentrations are 
useful to illustrate the exchange effects since their linewidth is 
almost entirely determined by exchange interactions. Figure 2 
shows the temperature dependence of the ESR spectrum of bis- 
diphenylene-phenyl-allyl in toluene, at a concentration 10 
mol/1. The hyperfine structure disappears with increasing tem¬ 
perature, which increases the exchange frequency, until finally 
the remaining single line in the center of the absorption be¬ 
comes narrower by the effect known as exchange narrowing, 
which we do not want to discuss further since it occurs only at 
high concentrations and definitely excludes high resolution. 

Following the arguments and examples given so far, a well 
resolved HFS pattern would be expected for dilute solutions of 
free radicals containing first row elements only, hi many cases, 
however, such solutions do not exhibit any structure but show 
only one single broad absorption. In these cases the broadening 
is due to the interaction with the dissolved paramagnetic molecu¬ 
lar oxygen. The effect of the dissolved oxygen may be illustrated 
by Figure 3 which shows the ESR spectrum of 2,4,6-triphenyl- 
phenoxyl, at a concentration ca.lO"^ mol/1., in benzene. 
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Figure 2. ESR spectra of 1,3-bisdiphenylene“phen/l“-allyl 
in toluene, concentration 10"^moiy!, at different tenri” 
peratures. 



The upper spectrum is taken with a solution saturated with air, 
while the lower spectrum results from the same solution after 
the oxygen has been carefully removed. 
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Another example of the effect of the dissolved oxygen is the 
spectrum of Wursters Blue,the central part of which is given in 
Figure 4, saturated with air and after the exclusion of the oxygen. 
It is tempting to attribute the additional splitting to a third small 
coupling constant of 0.28 gauss originating from the two equiv¬ 
alent nitrogen atoms, since the two bigger splittings present in 
the spectrum had been shown previously [4] to be due to the 
methyl- and ring-protons respectively. I have actually given 
this incorrect interpretation in an earlier paper [5], but a more 



careful reexamination of the spectrum has shown that it can be 
much better accounted for in terms of a coupling constant of 
7.02 G for the nitrogen together with the two other coupling con¬ 
stants of 6.74 G for the methyl protons and 1.98 G for the ring 
protons. The observed and the theoretical spectrum based on 
these constants are given in Figure 5, the excellent agreement 
leaving little doubt about the correctness of this interpretation. 
The nitrogen splitting of the order of 7 G is also mbetter agree¬ 
ment with theory and with the observed splittings in similar 
molecules. 
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Figure 5. ESR spectrum of Wursters blue together with the theoretical re¬ 
construction based on the coupling constants a „ = 7.02 G, a „ = 6 74 G 

anda„ , =1.98G. 

H.ring 











Figure 6. ESR spectrum of K 2 (S 03 ),N 0 in water. Above, 
the complete spectrum, and below, the central line, from 
ert to right, saturated with pure oxygen, saturated with 
air, and oxygen-free* 






HIGH RESOLUTION ELECTRON SPIN RESONANCE 715 

Figure 6 demonstrates the oxygen effect with a single line, 
the center line of the triplet due to the interaction with the 
I = 1 of the nitrogen of the peroxyl-amine disulfonate ion. ine 
linewidth of a solution saturated with pure oxygen was “ 

be 0.90 G.the width of an air-saturated solution 0.29 G and witn- 
out oxygen 0.15 G, the remaining width probably being due to 
spin orbit interaction since the radical contains sulfur. 

The effect of the paramagnetic oxygen is not surprising it 
one remembers that its concentration in most air-saturated 
organic solvents is of the order of 1 - 2 • l(r mol/ 1 . 7 10 
sptesAm3. I do not want to go into details on the mechanism of 
the interaction of the radical spin with the oxygen, which involves 
exchange interactions as well as lifetime Tj broadening, since 
this is a somewhat more complicated matter, but it should be 
clearly understood that this interaction is a physical phenomenon 
and that these radicals are not chemically sensitive to oxygen. 
In any case, the given examples demonstrate that a careful ex¬ 
clusion of oxygen is necessary for obtaining well resolved ESR 

With this precaution, a linewidth of the order of 70 
gauss could be readily obtained in a number of radicals. The 
present limit of resolution is shown in Figure 7 with the spec¬ 
trum of the 1 , 3 -bisdiphenylene-allyl in very dilute solution m 
CS 2 , the concentration of spins being about 10 - mol/ 1 - 
spectrum is divided into two identical parts due to a large split¬ 
ting of 13.2 G. The first of these is shown above and the second 
below in the figure. A little over 400 HFS components with a 
separation of 60 milligauss could be fully resolved and accounted 
for in terms of 5 coupling constants. The largest of these, men¬ 
tioned above, originates from interaction with the central proton, 
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whereas the 4 others all results from a group of 4 equivalent 
protons as expected from the symmetry of the molecule. Their 
values are ai = 13.2 G, aj = 1.92 G, aj = 1.86 G,a 4 = 0.48 G and 
Ug = 0.36 G. The theoretical reconstruction based on these con¬ 
stants is given in Figure 8 for comparison with the experimen¬ 
tal spectrum. It should be emphasized that the individual com¬ 
ponents should be equidistant, the apparent deviations being 
caused by experimental effects to be discussed below. 

The observed linewidth in Figure 7 is about 30 milligauss. 
In Figure 9 the central groups of Figure 7 are given again, taken 
under somewhat different technical conditions with the purpose 
of minimizing the linewidth at the expense of the signal to noise 
ratio. The obtained linewidth is 17±1 milligauss, corresponding 
to about 50 kc. 

Is this the limit of resolution of ESR or could one possibly 
expect still narrower HFS lines? This question is closely related 
to another question, namely "what causes the residual linewidth 
o 7 milligauss?" It should be easy to find the answer by vary¬ 
ing some parameters suchas concentration and temperature. In 
practice, however, a further reduction in concentration is impos¬ 
sible because of the insufficient signal to noise ratio. Since this 
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introduces a more technical aspect, it might be useful to discuss 
the technical requirements of an ESE spectrometer for high 
resolution work. 

The homogeneity and stability of the magnetic field as well 
as the frequency stability of the microwave oscillator has to be 



Figure 9. Central part of the spectrum of Figure 7, recorded under 
technical conditions to minimize linewidth. 


better than 1 in 10^. Since the time taken for recording the 
spectrum of Figure 7 is of the order of 15 hours, the required 
stability should be a long time stability. This was not the case 
in the spectrum shown in Figure 7, where differences in the 
spacing of the lines indicated by arrows seem to be due to non- 
linearities in the field scanning. 

High resolution requires low concentrations and low micro- 
wave fields; the power incident into the cavity in our measure¬ 
ments was about lO-^ watts corresponding to a Hi field of the 
order of 5 milligauss. Both these requirements lead to small 
signal amplitudes. In addition, the total intensity is distributed 
to hundreds of HFS components. Consequently, the most critical 
property of a spectrometer is its sensitivity. This excludes low 
frequency modulation be cause of the high noise level of the crys¬ 
tal detector. Since high frequency modulation cannot be used 
because of the modulation broadening, a superhet system seems 
to be most suitable for .high resolution ESE. In the future,para¬ 
metric amplifiers might possibly be useful. 

Returning to the question of the origin of the residual line- 
width, it seems that dipolar interactions are negligible. The 
neutral CH-radical, 1,3-bisdiphenylene-allyl, g-value 2.0028± 
0.0001, is an extreme case of very small spin orbit interaction. 
We believe that the measured linewidth of 17 milligauss is pre¬ 
dominately due to exchange interactions, particularly since the 
order of magnitude is in agreement with what one would expect 
from extrapolating the experimental results obtained at higher 
concentrations. 
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On the other hand, the linewidth obtained with Wursters 
blue is about a factor of 5 larger at comparable concentrations. 
Since Wursters blue contains nitrogen, the spin-orbit coupling 
is larger than in a CH-radical « 4.3]. Furthermore, 

in an ionic solution the Coulomb repulsion and the shell of 
solvated solvent molecules keep the radical ions farther apart 
and hence will reduce the exchange interactions. The anisotropic 
magnetic dipolar interaction, and the static part of the g-value 
anisotrophy seem to be less important since fairly narrow lines 
of the order of 40 milligauss have been obtained in highly vis¬ 
cous solvents. From these results and arguments we conclude 
that for radical ions containing other elements than C and H the 
dominating relaxation mechanism is the spin-orbit interaction. 
Intermediate cases, i.e., CH-radical ions and neutral radicals 
containing other elements, require further investigation. 

Let me conclude with a few general remarks. The resolu¬ 
tion of ESR depends on the sample investigated. The same reso¬ 
lution is not to be expected with different substances. We believe 
the 17 milligauss shown in Figure 9 to be near the limit. In the 
most favorable case, a CH-radical with not too many HFS 
components, it may be possible to reduce the linewidth by an¬ 
other factor of two or so. There is no theoretical limit, but we 
believe the practical limit of high resolution ESR in the fore¬ 
seeable future to be at a linewidth of the order of 10 milligauss. 
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ELECTRON SPIN RESONANCE IN 
ORIENTED RADICALS 


D. H. Whiffen 

Basic Physics Division, National Physical Laboratory, 
Teddington, Middlesex, England 


INTRODUCTION 

Although single crystals have been used for many years in 
the electron spin resonance study of transition and rare earth 
metal ions, corresponding study of organic free radicals is of 
recent growth. Following the initial paper of Uebersfeld and 
Erb 1] in 1956, the power of such work was not appreciated 
until 1958 [2,3,4], but the balance is now redressed and over 
fifty publications have appeared since then. The most important 
finding common to these studies is that radicals produced in 
crystals by radiation damage have just as precise alignments in 
the crystal as do the undamaged molecules. Consequently if the 
spectrum of a single crystal is observed all radicals have the 
same spectra which is a function of the angle of the crystal ■with 
respect to the magnetic field. This is in contrast to the spec¬ 
trum of an irradiated powder in which each grain makes a dif¬ 
ferent angle with the magnetic field and the resultant lines, if 
identifiable, are very broad being in fact due to the superposi¬ 
tion of lines at different positions. Similar difficulties apply to 
radicals trapped in glassy matrices. Parts of the theory of 
detailed interpretation of these anisotropic spectra are some¬ 
what specialised; since the theory has been well described in. 
the literature [5-9] it will not be repeated in this account devoted 
to the applications. These can be roughly divided into three 
classes, not always distinct, according as the information ob¬ 
tained relates to the host material, the radiation chemistry or 
the detailed structure of the free radical. The majority of the 
work refers to radicals formed hy radiation damage which are 
normally too unstable to exist as more than the most transient 
species in solution. 
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INFORMATION ABOUT HOST MATERIAL 


It was implied above that all radicals were parallel but this 
IS not strictly true in most crystal lattices for which there may 
be several possible sites related to each other by the space 
group symmetry operations of the crystal. If the sites are re¬ 
lated by translation or inversion only one radical orientation is 
apparent in the spectrum since these operations leave the spec¬ 
trum unchanged. Symmetry planes on the other hand affect the 
direction of principal axes of the hyperfine coupling tensors. 
Consequently a doubling of the spectra is found with the spectra 
from two chemically equivalent radicals indistinguishable orien¬ 
tations For monoclinic crystals there is normally such a plane 
perpendicular to the h axis and two superposed spectra are ob¬ 
served as in glycine However, in other cases only one 
admal can be identified and this must occupy a special site 
sue as a plane perpendicular to b. This is exemplified by the 
lithium glycollate monohydrate [101. Another pos- 
sibihty is a site with a twofold axis parallel to h since a two¬ 
fold rotation axis plus inversion is not distinguishable from a 
plane of symmetry. Here COj trapped in the site of a formate, 
ft. 2 j ion is an example [11] and the result is consistent with 
the known crystal structure in which the formate ion has a two- 
0 symmetry axis. Although it is unlikely to be an important 

it may happen that in some cases 
readily obtained than by standard 
methods. A recent example from these laboratories is fumaric 
“'litiPle twinning makes X-ray studies more 
1 icu . Despite this twinning, the spin resonance of results 
strongly sugpSt that the fumaric acid skeleton lies perpendic- 
fniri ° ^f^ monoclinic cell and retains its two- 

the spin reso- 
disagreement; this is 
Lve twn radical appeared unexpectedly to 

apparent twofold t ■ °^^®'^tations and it was suggested that an 
Sornf Z 1 f through the central 

SL disorder. ^ ^ 

indicate directions of the hyperfine coupling tensors, 

suggest the mnrZ'Z ""‘tical and ma^ 

suggest the molecular orientation in the crvstal There are 

experiments on the anisotropy of the IpeJ^ra in 

that the®C-‘’Sot the”cHf“ h“ 
pendlcalar to the direction or8?relch ““ ° 
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radiation damage 

In almost every case of simple organic molecules studied 
the spectra in single crystals have indicated unamhiuously the 
nature of the trapped radical. Table 1 shows a selection of the 
type of damage observed. There have been no well substan¬ 
tiated cases of differences between the action of y-rays. X-rays, 
fast electrons, etc. although ultraviolet light may be more spe¬ 
cific. In general Table 1 refers to radicals observed at room 
temperature a few hours after the radiation has ceased. Although 
a number of cases had been proved by chemical means and by 
interpretation of the electron spin resonance spectra of powders 
and of polymers, Table 1 certainly shows that the single crystal 
studies have demonstrated the presence of over thirty otherwise 
unknown free radicals. 

In the radiation studies it is not usually possible to deter¬ 
mine the fate of the missing fragment. The predominance of 
hydrogen removal shown by the extent of Table la suggests that 
a particularly favourable feature may be the escape of the hy¬ 
drogen atom from the crystal or its reaction with a molecule to 
form H 2 and a second radical of the same kind. For heavier 
fragments such motion is more difficult and self healing may be 
important. However,there is growing evidence that the radicals 
observed at room temperature may not be those formed in the 
primary process. The temperature of irradiation may influence 
the relative proportion of the radicals formed when more than 
one chemical species is observed in the same crystal. Also 
irradiation at liquid nitrogen temperatures may lead to different 
spectra or at least different proportions of the several prod¬ 
ucts [50-54]. Many irreversible changes occur on warming 
from 77°K to 293°K and until this aspect is more fully docu¬ 
mented it will not be possible to rely on the observed radicals 
being primary products. 

RADICAL STRUCTURE 

Besides identifying the free radical through the hyperfine 
coupling pattern, information may be obtained about the elec¬ 
tronic and geometrical structure from an interpretation of the 
numerical values of the hyperfine coupling information. 

One of the most common couplings is that to a hydrogen 
atom attached directly to a free radical carbon atom. The iso¬ 
tropic coupling in such a case is about -57 Mc/s. This corre¬ 
sponds to the observed coupling in solution and to the trace or 
diagonal sum of the coupling tensor observed for radicals rigidly 
held in a solid. The principal tensor elements are commonly 
about -29, -55 and -87 Mc/s and the anisotropy is in good 
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Table 1 

Radicals Produced by Radiation Damage 

(a) One H removed to form radical (Reference in parenthesis) 


CH2(C00H)2 

(6) 

CH2(C00H)C02 “ 

(15) 

(CH2C00H)2 

(16,17) 

(CHj) CH2CH(C00H)2 

( 12 ) 

(CH2CH2C00H)2 

(18) 

CH 3 CH (COOH) 2 

(19) 

CH 3 CHj CH(C00H)2 

( 20 ) 

CH 3 CHj CH 2 CH(C00H)2 ( 21 ) 

(CH 3 ) 2 CH CH(C 00 H )2 

(21) 

CH2(0H)C00H 

(5) 

CH2(0H)C02 “ 

( 10 , 22 ) 

CH 3 OCH 2 COj- 

(23) 

0(CH2 COOH) 2 

(24) 

(CH(0H)C00H)2 

(25) 

(CH(OH) 002 ) 2 = 

(26) 

CH2C1(COOH) 

(27) 

S(CH 2 COOH) 2 

(28) 


CH2NH3+(C02)- (3) 

CH 3 CONHCH 2 COOH (29,30) 

NH3'^CH2C0NHCH2C02" (30,31,32) 
CH3C0NHCH(CH3)C00H (30) 

CH 3 NHCONH 2 (33) 

CH 3 CH 2 NH CONH 2 (33) 

CH 2 ( 803 ) 2 = (34) 

CHO 2 - (H) 

HP03= (35) 

H2P02“ (36) 

NH(S03)2' (34) 

NH 3 + S03~ (37) 

NH2 SO 3" (21) 

NH4'^ (47,48) 

12 O (49) 


(b) C - C bond broken to form radical 

CH 2 (C00H)2-► CHj (COOH) 

CH3CH(C00H)2 :-^CH3CH(C00H) 


(c) C - N bond broken to form radical 

NH3+CH(CH3)C03 - —i^CH3 OH COj “ (40 41) 

(CH 3 ), C(NH3+)C03- -^(CH 3)3 C CO 2 - [ 42 ) 

CH(C00H)NH3+CH 2 COOH-CH(C02H)CH2 COOH (43) 

CH 3 CHj - C(NH 3 +) (CH3)C00H-^CH 3 CHj C(CH 3 )COOH (44) 


(d) C - S bond broken to form radical 
CH2(S03)2-^303- 


(45) 
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Table 1—Continued 

(e) N - S bond broken to form radical 

NH 3 + SO 3 --^SOj- (45) 

NH{S 03)2 '-- (45) 

NH2(S03) “-*“803 “ (45) 

(f) S - S bond broken to form radical 

((COOH) CH(NH 3 -")CH 2 S) 2 -^COOH CH(NH 3 ^)CH ^ S. (46) 

S20«= -^SOj- (45) 


(g) Cl - O bond broken to form radical 

CIO 4 --CIO 3 


(47) 


agreement with the values calculated [55] for a Slater 2p wave 
function for the unpaired electron on the carbon atom. A recent 
tabulation [56] of such couplings shows that there is a surpris¬ 
ingly small departure from these numbers between different 
radicals. An interesting use of the directions for which theprin- 
cipal couplings occur is possible for radicals of the form RCH 2 . 
The angle between appropriate tensor elements for the separate 
H atoms is the HCH angle. With CH 2 COOH the value 116 was 
obtained [39] while for CHjNHCONHj the HCH angle came [33] 

to 117°. _ 

Another fairly constant group of hyperfine couplings is those 
to the hydrogens of a methyl group attached to the free radical 
centre. At room temperature there is free rotation about toe 
CH 3 -C bond all these are three equivalent hydrogen atoms with 
an isotropic coupling close to +69 Mc/s,a value which is slightly 
reduced to nearer +65 Mc/s if two methyl groups are attached 
to the same carbon atom [19,40-42,44]. The anisotropy is small 
but not quite zero [41,42]. 

If the methyl group is substituted it can no longer rotate 
freely and the remaining hydrogens may have any value of iso¬ 
tropic coupling up to +130 Mc/s. The value appears to be a 
strong function of molecular geometry as is shown most plainly 
for the radical CH 3 CHCOOH trapped in a-alanine. If the meas¬ 
urements are made at 77 °K each hydrogen of toe methyl S^oup 
has a different isotropic coupling [57,58,59] the values being 120, 
76 and 14 Mc/s. At this temperature toe methyl group is no 
longer rotating and the three hydrogen atoms are in non¬ 
equivalent positions. K the CH bond and toe free radical 2p 
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orbital are projected on the plane perpendicular to the C-C bond 
and make an angle Q with each other the coupling may be written 
Bo + B 2 cos2^. Bo is certainly very small, less [57] than 
10 Mc/s and B 2 is 120-160 Mc/s but the factors influencing the 
exact values are not yet certain [16,17,20,57] and may depend 
on the nature of the substituents. The couplings of this paragraph 
also show fairly small anisotropies in agreement with their 
larger distance from the unpaired electron. 

More distant hydrogens, that is those separated by two car¬ 
bons from the free radical centre do not usually give resolved 
hyperfine coupling. However, if one of two intermediate atoms 
is oxygen [23,24] or sulphur [28] a small coupling of less than 
15 Mc/s is common. Under favourable circumstances it is also 
possible to see coupling to a hydrogen nucleus in the host lattice. 
In the two cases studied in detail [34] this coupling is purely 
anisotropic and of the magnitude to be expected from the known 
crystal structure. It is probable that in other crystals unre¬ 
solved coupling to nuclei in the host molecules is the major 
factor controlling line widths and their variation with crystal 
orientation. 

Information about electron distribution obtained from hy¬ 
drogen couplings is a little indirect since the major electron 
distribution is elsewhere. If, as in substituted methyl radicals, 
the unpaired electron is in predominantly a 2p state on a carbon 
atom the anisotropy of the coupling to this carbon is large. It 
is also a better measure of the degree to which the odd electron 
is located on this atom. Such studies require complete 
coupling tensors which are not easily observed in natural abun¬ 
dance unless the crystal structure and line widths are favour¬ 
able. Table 2 indicates the available data for n electron radi¬ 
cals, the spin populations refer to the 2p wave function with a 
radical distribution determined by a SCF treatment for the 
neutral atom. 


Table 2 


Anisotropy and 2 p Spin Populations in n Electron Free Radicals 


Radical 

Nucleus 

Tensor 

Components 

2 p Spin 
Population 

‘^H(C 00 H )2 

13c 

213 , 42 , 23 Mc/s 

0.69 

(34) 

13c 

260, 62, 55 Mc/s 

0.75 

N(S03)2 ' (34) 


106, 6 , 0 Mc/s 

0.73 
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CONCLUSIONS 

The study of oriented free radicals is still q.uite young and 
it is interesting to examine what lies in the future. Two matters 
mentioned above clearly require further study; namely the ex¬ 
tension of measurements to low temperatures without inter¬ 
mediate warm up and, secondly, the further study of the coupling 
of hydrogen attached to a carbon atom itself attached to the free 
radical centre. Only one paper [61] has referred to zero field 
measurements and only one [62] to Endor spectra of such sys¬ 
tems although such measurements are well known elsewhere in 
electron spin resonance. They are likely to provide more ac¬ 
curate hyperfine coupling constants and might prove especially 
valuable for nuclei with electric quadrupole moments. Where 
electric quadrupole coupling is large enough to affect the spec¬ 
tra [27,34] these prove difficult to interpret accurately. Often 
more than one radical is trapped in a lattice and 'toe separate 
chemical species may show different thermal stabilities or even 
interconvert [63]. A fuller study of radical chemistry, reaction 
rates, diffusion rates, etc. is certainly possible. So is a more 
serious study of relative radiation yields under different condi¬ 
tions. There are many crystals which have not yet been ex¬ 
amined, including some very simple substances which are i^or- 
mally liquids or gases at room temperature. Many cases could 
also be usefully studied again with emphasis on the coupling to 
33s and in general to nuclei of non-zero spin of ele- 
ments whose dominant isotope has zero spin. 

Another field which is opening up is the ■ultraviolet spec- 
troscopy of these radicals [45,64], especially when the direction 
of the transmission moment can be found [65] using polarized 
ultraviolet radiation in association with spin resonance measure¬ 
ments to measure the concentration and orientation of the radi¬ 
cals. Besides the usual interest in ultraviolet spectroscopy, the 
work with oriented free radicals is of special interest in con¬ 
nection with the ^-factors of the resonance spectrum. The con¬ 
ditions under which the g'-factor may be significantly above or 
below the free spin value, 2.0023, are now understood [ 66 ] and 
semiquantitative agreement obtained [11,65] with the theoretical 
values derived from the wave frmctions and the excitation ener¬ 
gies. Occasionally ^-factors maybe both above and below the 
free spin value for different directions in the same radical [ttJ- 
Also of interest is the study of rates of rotation in the solid. 
The radical CH 3 CHCOOH is the best example. From the change 
of spectrum as regards line width and position, it has beeii shown 
that the reorientation rate of the methyl group is about 10 per 
second at 160°K when trapped in a-alanine [58,59] but the rate 
is at least 10 ^ per second for the same radical in a methyl 
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malonic acid host crystal [19] at 4°K. There is rotation, which 
IS possibly internal or possibly overall rotation, about the N-S 
direction of NHj SO 3 trapped in sulphamic acid [ 37 ] which is 
slowing to about 10® per sec at about 80°K, 

The very large amount of information that is now available 
about so many radicals, most of which have only been studied 
trapped in crystals, shows that electron spin resonance spec¬ 
troscopy IS an even more powerful tool than was realised when 
most applications were to metallic ions or aromatic compounds 

in cn I nTi rv-M 
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LOW FREQUENCY TO NEAR MICROWAVE 
SPECTRUM SPEaROSCOPY 


Herbert A. Elion and Louis Shapiro 
Elion Instruments, Inc. 
Burlington, New Jersey 


This paper concerns some of the unique features to be found 
in the low to near microwave portion of the electron spin reso¬ 
nance spectrum as compared with the microwave portion. The 
low radio frequency spectroscopy is treated from a theoretical 
and experimental point of view. Emphasis is placed on funda¬ 
mental advantages of basic investigation under low frequency- 
weak magnetic field conditions. A. survey is made of the impor¬ 
tant quantum mechanical relationships involved. The complete 
Hamiltonian is reviewed and an example is discussed utilizing 
the Breit-Rabi formula for fields of arbitrary strength. Zero 
field absorption is considered. Additional evaluation is made of 
factors such as applicability to aqueous solutions, skin effect 
anii general instrumental conditions. Matters of equipment 
sensitivity, simplicity, reliability and cost are reviewed. Com¬ 
mercial applications are discussed and an example given for 
fluid catalytic cracking. 

GENERAL CONCEPTS 

The unique featimes of the radio frequency, or "rf,” approach 
to paramagnetic absorption spectroscopy fall into two main 
categories, namely, those of interest to the scientific community 
and those of interest to industry at large. 

We may first recall the fact that basic physical relationships 
existing between the frequency of paramagnetic absorption 
spectra and the intensity of the unidirectional magnetic field in 
which lattice elements of the test specimen find themselves, 
imply that low intensity magnetic fields give rise to low fre¬ 
quency spectra while high intensity magnetic fields give rise to 
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high frequency spectra. In the particularly simple case of a free 
electron the relationship reduces to 

u (megacycles) = 2.8026 B (gauss). 

In general we may consider the dividing line between low 
and high frequency paramagnetic spectroscopy as lying in the 
neighborhood of 1000 megacycles. Above this frequency formal 
microwave techniques tend to take over from a lumped constant 
or modified lumped constant-transmission line approach. For 
convenience we may refer to the low frequency approach as radio 
frequency or "rf" paramagnetic spectroscopy and to the high 
frequency approach as microwave paramagnetic spectroscopy. 

The purpose of this paper is to present a survey of some of 
the important features of low frequency or "rf" approach. 

LOW FIELD VERSUS HIGH FIELD SPECTROSCOPY 

Returning to the factors of interest to the scientific com¬ 
munity we note that we deal here with the use of rf paramagnetic 
spectroscopy as a tool in fundamental research. 

In most general terms, a magnetic field of appropriate 
intensity is applied to a paramagnetic material and the resulting 
spectra studied for determination of the geometric, force field 
and energy structure of the material involved. 

Where this investigation is carried out in the high frequency, 
or microwave, region magnetic fields utilized are quite intense 
being of the order of several thousand gauss or higher. The 
result, necessarily, is that the normal field environment and 
resultii^ energy structure of the constituent atoms or molecules 
are altered to the corresponding extent. Thus, although much 
interesting spectra may be obtained, other spectra perhaps of 
equator greater interest may be obscured or lost entirely. Such 
concealed or destroyed spectra may deal with the many subtle 
and delicate factors involved in energy coupling mechanisms, 
both within the atoms or molecules themselves and with lattice 
forces present on a periodic basis in the individual lattice cells. 

Time does not permit - nor is it the purpose of this paper - 
to go into such matters in detail. Interested parties are referred 
to the literature which includes basic treatments by Bleaney and 
Stevens LlJ and by Wertz [2]. A few general remarks may be in 
order, however. 

In the simple case of a one electron atom with the electron 
subject to a spherically symmetrical central field only the 
energy levels are given by ’ 

2 T!^ me”* 


h2 n2 
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Only the principle quantum number, n, appears in this expres¬ 
sion - leadii^ to degeneracy when the other quantum numbers 
assume different values for a given n. Thus, for each value of 
thp angular momentum quantum number, jE,the energy is (2f + 1) 
degenerate. This condition followsfrom thefact that the projec¬ 
tion of i, which is mg, may have (2£+ 1) values. 

Further degeneracy follows when the two values of the spin 
projection, m^ = ±1/2, are taken into account. 

In the more general case where the electron no longer sees 
a simple spherically symmetrical electric field, the "i" degen¬ 
eracy is partially or fully lifted and different values of £ may 
lead to different energy levels. 

In a similar manner, the presence of. a magnetic field pro¬ 
vides a frame of reference for the magnetic projection or the 
mg quantum number, and new energy levels appear which, for a 
weak field at least, are in accordance with the standard equation 

W = Wo - Pa B , 

where Wo is the energy before application of the field, B, and 
Pa is the magnetic moment component of the particular particle 
involved. Spin degeneracy is also lifted in this manner. 

Mention will briefly he made of spin-orbit coupling; this is 
a factor which plays an increasingly important role as the atomic 
number of the sample under test increases. 

The behavior of the complete atom in its lattice environment 
is described by Bleaney and Stevens in terms of a composite 


Hamiltonian: 




H = H 

+ H 

+ H 

+ H 

coulomb 

magnetic 

external 

nuclear- 

field 

spin-orbit 

magnetic 

electron 

(a) 

(b) 

field 

spin-spin 



(c) 

orbit 




(d) 

+ H 

+ H 

+ H 

+ H 

nuclear 

nuclear with 

spin-spin 

exchange 

quadrupole 

external 

(g) 

(h) 

(e) 

magnetic 




field 




(f) 




The first term, (a) specifies the behavior of the electron as a 
result of the surroimding electric field of the nucleus and other 
electrons. The (b) term evaluates the effect of spin-orbit cou¬ 
pling of the electron concerned. The (c) term is responsible for 
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the basic Zeeman effect leading to the phenomenon of paramag¬ 
netic resonance absorption which is the subject of this paper. 
The (d) term described the interaction of the spin and orbital 
magnetic moments of the electron with the moment of the nucleus. 
The (e) term deals with the electrostatic attraction between the 
nucleon structure of the nucleus and the orbital electrons giving 
rise to quadrupole and higher order effects. The (f) term 
describes the interaction of the nucleus directly with an external 
magnetic field. In this respect it corresponds to the (c) term 
for the electron. 

The last two terms have been added since the original 
Bleaney-Stevens formulation. The (g) term separates out the 
electron spin-spin (or dipole-dipole) interaction which originally 
was included as part of the (b) term while the (h) term describes 
the electron-electron exchange interaction. 

It is of extreme interest now to compare the spectra avail¬ 
able from paramagnetic materials under conditions of different 
impressed magnetic field intensities. Qualitatively we may 
speak of ^Veak^^ fields and »^huge’’ fields. The simpler case is 
mat of the ^^huge” field. Here, the ultimate consequence is that 
me impressed field tends to overpower the effects of the various 
ocal fields ^d their associated coupling mechanisms. Spins 
and orbits align themselves separately and energy levels follow 
a particularly simple pattern. The relationship is [3]: 


W = + (M + 2 ms) iUe B , 


where M is the total magnetic quantum number of the particle 
involved and is the Bohr magneton. 

It is obvious that much valuable structural information may 
be lost under these conditions. 

At the opposite extreme we have the weak magnetic field 
Where existing energy and coupling relationships are maintained 
intact and the effect of the field is more in the nature of a super- 
perturbation. It is under these conditions, for example, 
that (for the lighter elements at least) the "L" and "S" quantum 
numbers combine to give a "J" resultant with physical signifi- 
cance. This condition corresponds to the well-known Russell- 
Saunders Couplii^ System. 

+ 1 , heavier elements account is immediately taken of 

toe much stronpr spin-orbit coupling and quantum numbers, n, 
£, ], m are assigned on an individual electron basis to describe 

structure involved. This type of coupling is identi¬ 
fied as "]]" coupling. 


ner^ transitions take place in the usual manner on a 
quantuin level in accordance with permitted changes in the 
relevant quantum numbers. Where different numbers apply due 
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to different values of impressed magnetic field, the resulting 
transitions will necessarily follow the applicable quantum number 
structure. As a result spectra will differ depending upon the 
effectiveness of applied fields in producing different quantum 
number structures. 

It is in this respect, for example, that we meet up with 
expressions like "good" quantum numbers and "bad" quantum 
numbers in accordance with their applicability to the energy 
transition structure in effect at any given time. 

For intermediate applied magnetic field intensity conditions 
there may be two or more quantum mechanisms in operation 
simultaneously as internal and external fields compete for axes 
of precession. 

The energy levels as a general function of magnetic field 
intensity are given by the Breit-Rabi formula [4]: 


W = _ + gj /XeMH, ± (1 

2(21+ 1) MeJ-vin, ±2 


4 Mx 2 


1/2 


where hAi' is the usual zero field separation of energy levels, 
g j is the nuclear hyperfine splitting factor, and 

X = (g - gi) • 


An interesting example of this type of change in quantum number 
structure is shown in the following energy level diagram from 
the recent book METHODS OF EXPERIMENTAL PHYSICS, Vol. 
3, MOLECULAR PHYSICS (Academic Press 1962), page 452. 
See Figure 1. 

We note that, with total magnetic quantum number J = 1/2 
and nuclear magnetic quantum number I = 3/2 we have, in the 
absence of any applied magnetic field, available resultants, F, 
as follows: 


F = I ± J = 3/2 ± 1/2 = 2, 1 . 

The application of a weak magnetic field, quantizes the magnetic 
projection of F at once following the rules 

Mf = F , F - 1 , —0— , - (F - 1) , -F , 

leading to the splitting as shown. F and Mp are here valid we^ 
field quantum numbers. As the applied magnetic field is 
increased, however, the pattern changes drastically as the I, J 
couplii^ is broken and J quantizes separately as 
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Figure 1. Breit-Rabi Diagram of Energy Levels of an Atom, Having J = 1/2 
and I = 3/2, in a Magnetic Field. (After R. S. Anderson.) 

Mj = J , J - 1 , —0— , - (J - 1) , -J , 

leading in this case (J = 1/2) to values of Mj of +1/2 and -1/2. 
Similarly, the I quantum number projects out separately as 

Mi = I , I - 1 , —0— , - (I - 1) , -I 

leading to values of 3/2, 1/2, -1/2 and -3/2. 

Due to the unequal energy intervals involved, the Mj's 
become the dominant branches while the M/s form perturbations 
or hyperfine structure on each such branch. 

It is important to note that study and accumiilation of the 
strong field spectra alone would give little or no indication of 
conditions existing in the original lattice state. Hence, it is 
primarily by a knowledge of the weak field spectra that the 
original coupling scheme can be reconstructed and the original 
interplay of forces determined. 
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ZERO FIELD ABSORPTION 

In certain cases of great interest actual splittii^ of energy 
levels into fine and hyperfine spectral structures takes place 
with no applied magnetic field. Magnetic resonance experiments 
carried out under these conditions lead to determination of 
energy levels in their natural (or zero field) condition. 

Thisprocedure is of basic importance in certain approaches 
to achievement of very low temperatures by paramagnetic means. 
The object here is for the magnetic moment-bearing particles - 
upon removal of the impressed magnetic field - to align them¬ 
selves in accordance with an appropriate pre-existing energy 
transition structure of the correct range of values. In this 
manner there is achieved a maximum removal of residual 
phonons from the lattice structure since agreement then exists 
between the energy values of residual phonons and available 
energy transitions for the magnetic moment-bearing particles. 

The necessity for an accurate determination of these zero 
field energy levels for selection of an appropriate paramagnetic 
salt for the above application is obvious. A general treatment 
of the problem is given by Ingram [5] in which reference is made 
to earlier work by Bleaney. 

As an aside to experimental techniques in determination of 
zero field spectra it may be pointed out that it is usually con¬ 
venient to use a fixed low value of rf in accordance with antici¬ 
pated spectra and then apply small incremental m^netic fields 
until such spectra are actually obtained. This method remains 
valid so long as the incremental field acts as a perturbation only 
on the pre-existing energy level structure. In practice this 
limitation is not experimentally embarrassing. 

To sum up this portion of the paper, accumulation and 
interpretation of zero field or weak field spectra may often 
provide invaluable information - not otherwise available - for 
determination of important physical parameters of the atomic or 
molecular or lattice structure of the material under investigation. 

AQUEOUS SOLUTIONS 

A number of more mundane matters which may be of interest 
for both basic research and industrial applications in evaluating 
the advisability of the "rf" as against the microwave approach 
to paramagnetic spectroscopy will now be considered. The first 
of these is the matter of aqueous solutions. 

It is well known that the interaction of water's large dipole 
moment with a microwave electric field results in a large non¬ 
resonant absorption. This phenomenon seriously embarrasses 
attempts to study aqueous solutions at these high frequencies, 



736 


SPECTROSCOPY 


particularly in large volumes. Important advantages accrue, 
however, from use of the lower frequencies of ^Yf^^ paramagnetic 
spectroscopy in these cases. For one thing, use of a lower fre¬ 
quency - together with the greater volume of specimen available 
for analysis due to changed equipment configurations as well as 
reduced dipole absorption - provides the basic conditions for an 
overall increase in sensitivity despite the general reduction in 
available paramagnetic absorption per unit specimen mass due 
to the lowering of frequency per se. 

However, more important, the great flexibility of component 
design in the rf range permits the development of rf sample 
holders - such as have been produced by Elion, Inc. - in which 
the entire electric field is excluded from the region of the sample, 
thus bypassii^ this problem of electric dipole moment absorption 
completely. 

Needless to say, this factor should be of extreme interest to 
all workers concerned with the life sciences as well as to those 
working with industrial processes. 

SKIN EFFECT 


Another matter of importance is the question of skin effect 
at high frequencies, particularly for conductors. It is obvious, 
of course, that paramagnetic absorption spectra can only be 
obtained whenpenetration of the specimen by the rf or microwave 
field is achieved. 

The concept of ”skin depth’’ is a convenient measure of the 
above penetration and corresponds to the depth (or penetration) 
of the specimen that a uniform current of magnitude equal to that 
actually existing on the surface of the conductor would need to 
have in order to produce the same metal losses. Analytically, 
the expression [6] is: 

^ " Vco ju cr Meters , 

where w = circular frequency of the applied field; M = Mo = per¬ 
meability free space value 1.257 x 10“henry per meter; and 
0 - = conductivity, mhos per meter. 

Insertion of the value of a = 5.80 x 10^ mhos per meter for 
copper and conversion of the result to units of thousandths of an 
inch gives the results shown in Table 1 for the frequencies 
indicated. 

Taking values of metallic conductivity ranging from 6.17 x 10 ^ 
for silver to .71 x 10^ for solder we note that the range is within 
a factor of nine — leading to a skin depth factor of 3 after the 
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Table 1 


Frequency (Mc/Sec) 

Skin Depth (Mils) 

1 

2.60 

10 

0.82 

100 

0.26 

lOOO 

0.082 

lOOOO 

0.026 


sqiiare root is taken. Th.e skin depth, value, then, can. be cor¬ 
respondingly increased when materials of conductivity lower 
than copper are analyzed. 

The significant advantage in the use of rf paramagnetic 
spectroscopy in the case of conductors is thus very apparent 
with the increased penetration of rf fields at the lower frequen¬ 
cies. It no longer becomes necessary, for instance, to resort to 
such fine powdering techniques to obtain particle dispersion, 
with the possible resultant loss of extended macroscopic domain 
properties or general changes in characteristics due to the 
powdering process itself. 

GENERAL INSTRUMEISTTAL CONSIDERATIONS 

Another factor of great interest and importance in rf para¬ 
magnetic spectroscopy is the great flexibility in equipment con¬ 
figurations due on the one hand to the weaker d.c. magnetic field 
employed and on the other hand to the lumped constant or quasi- 
lumped constant approach. Thus, without the requirement for 
extremely intense magnetic fields it becomes possible to use air 
type multicoil arrangements allowing for large volumes of great 
magnetic homogeneity in the interior of fairly small coils. Such 
a system is presently undergoing test at Elion Instruments, Inc. 
Test data will be announced in the near future. 

Another important factor of an open coil system is the 
general accessibility of the sample area. It may be reached 
directly from either end of the common coil axis as well as from 
360° about the equatorial plane of the system. There is ample 
room, for example, for insertion of a variety of cryostat equip¬ 
ment - with no embarrassment whatsoever to the instrumental 
configuration. 

Regarding the rf volume in which the ^ecimen is normally 
placed we have here, in the simplest case, merely a coil of the 
proper frequency characteristic. Access to the coil is direct 
and may be from either end of its own axis. 

More sophisticated rf specimen holders are now under 
development at Elion Instruments, Inc. which represent a meet¬ 
ing ground for the various requirements leading to optimum 
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operation of such a device. These include provision for maxi¬ 
mum volume or quantity of sample (or, alternately, maximum 
number of available spins), maximum for optimum instru¬ 
mental sensitivity, and shielding from electric fields where such 
would react adversely with the specimen. 

Considering in turn, the xmrestricted array of both thermal 
and solid state detection systems and devices available at rf 
frequencies there is good reason to believe that high sensitivities, 
will indeed, be achieved. We may mention just in passing, for 
example, that we are here in the region of commercial radio 
communications as well as FM and television - and hence in a 
region where instrumental techniques have reached a very high 
state of perfection and where much is known about factors such 
as precision and reliability. 

It should be emphasized that, although it is recognized that 
intensity of spectral paramagnetic absorption varies as the 
square of the rf or microwave frequency utilized, it is expected 
that this inherent signal advantage of the microwave region will, 
to a large measure, be overcome as the basic advantages of 
operation in the more amenable rf region are realized. 

In general, for example, the equipment is simpler, cheaper 
and much more reliable than its microwave counterpart. We 
have only to think, for example, of the marvel of the present 
commercial television receiver with all of its sensitivity and 
complexity - as well as its relatively trouble-free operation for 
periods of many months at a time - for the cost of only a few 
hundred dollars. 

Even allowing for the advantage of production techniques it 
is confidently believed that the rf paramagnetic spectrograph 
will develop into a simple, rtigged trouble-free device with 
extremely high sensitivity - and yet within a reasonable cost 
figure. 

APPLICATIONS 


An area where large economies can be realized in industrial 
monitoring of products is the chemical engineering of process 
control. Figure 2 shows how the simple coil configurations of 
rf sensors can be applied to batch or on-stream processes. 
Petroleum products, petrochemicals, and a variety of other 
chemicals lend themselves to practical product control, including 
observation and timing of a reaction. Entire rf sensors and their 
associates coils can be subjected to varying environmental con¬ 
ditions such as temperature,pressure, or nuclear radiation with 
controlled effects, homogeneous magnetic fields and reasonable 
product volume statistics at locations remote from the main 
console of the spectrograph. 
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PROCESS PLANT INSTRUMENT 

ROOM 



SPECTRAL SENSOR 
ON STREAM 


Figure 2. ESR Measurement in Batch Processes and On-Stream. 

A typical use potential is illustrated in Figure 3 for fluid 
catalytic cracking. The system illustrated shows how the xf 
paramagnetic spectrograph can monitor several critical loca¬ 
tions in a catalytic cracker from metallic poisoning such as 
vanadium (2) present in a crude oil; degree of catalyst contami¬ 
nation, deposited carbon and pyrolized constituents (1); degree 
of catalyst regeneration (3); to final product (4). Figure 4 is 
illustrative of the results obtained on a laboratory sample at 
74 mc/s of a typical hydrogenation catalyst taken from a 
reactor. 

CONCLUSION 

To summarize, one finds that the radio frequency approach 
to paramagnetic absorption spectroscopy provides unique fea¬ 
tures of major scientific importance in the investigation of the 
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Figure 3. Measurement and Control of Catalyst Contamination (1,3), 
Poisoning Content df Crude Oil (2), and Product (4). 

Structure of materials. It also provides the practical essentials 
tor utilization of paramagnetic absorption in the measurement 
of physical-chemical properties of chemical compounds, and 
automation procedures for analytical chemistry [7, 8] 
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Dyestuffs Division 
Manchester, England 


Mass spectra of organic compounds are usually produced 
by bombarding the vapour of the substance being investigated, at 
a pressure of the order 10"® mm. mercury, with a stream of 
electrons of 50-100 e7 energy. Since it requires only about 
10 eV to ionize an organic molecule or to break a covalent bond, 
a variety of fragments will generally be formed, both charged 
and uncharged. The positively charged ions are drawn out of 
the ionization chamber, accelerated by a voltage (E) and enter 
via a slit a magnetic field (H) at right angles to their direction 
of motion, in which they are deflected according to their mass- 
to-charge ratio. An ion of mass m and charge e will follow a 
path of radius R given by [l] 

( 1 ) 

An electrode behind a resolving slit collects ions which 
have traversed the magnetic field in a circular orbit of the cor¬ 
rect radius. A mass spectrum is a recording of the ion cur¬ 
rents falling on the collector as either E or H is varied causing 
the ions of different mass-to-charge ratio to be collected in 
succession. 

That such a spectrum can be used to identify the substance 
from which it is produced may be illustrated by a simple exam¬ 
ple. Consider the mass spectrum of Figure 1. It is usually the 
case that the ion of greatest mass-to-charge ratio is formed by 
removal of a single electron from the sample molecule to give 
the so-called ’’parent" or ’’molecular" ion. It is assumed that 
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0 5 10 15 

Figure 1. The moss spectrum 
of methane. 


the pressure within the ion¬ 
ization chamber is so low that 
collisions between ions and 
neutral molecules are rare 
and can be neglected. (Ex¬ 
amples in which this is not 
so are discussed later.) 
Thus, it would be inferred 
that the molecular weight of 
the substance considered 
here is 16, the peaks at 
masses 17 and 18 being due 
to molecules containing 
heavy isotopes. The differ¬ 
ence in mass between ad¬ 
jacent isotopic peaks is 
known to be unity and it can 
thus be confirmed that the 
ion at m/e = 16 carries only 
a single positive charge. 
Peaks at masses 15, 14, 13 
and 12 show the possibility 
of successive loss of mass 1, 
2, 3 and 4 from the molec¬ 
ular ion and must corre¬ 
spond to the presence in it of 
4 hydrogen atoms. The re¬ 
maining fragment of mass 
12 can only be a carbon atom 
and the unknown is identified 
as methane. 


Similar arguments may be applied to the more complicated 
mass spectrum shown in Figure 2. A molecular weight of 84 
WQuld be assumed and this would immediately restrict the num¬ 
ber of possible formulae for the unknown. If one limits one's 
considerations to compounds containing only atoms of C H N 

possible molecular formulae are those shown in 
the left-hand column of Table 1. 


It will be noted that only combinations containing an even 
number of nitrogen atoms are listed. This is an example of the 
so-c^led nitrogen rule" which states that if the molecular 
weight, calcula.ted on the basis of the most abundant isotope of 
each element, is even so is the number of nitrogen atoms. If 
consideration the rare earths and metals 
w ich can exist in valency states differing by unity, then every 
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Figure 2. The mass spectrum of a mixture of cyclohexane and benzene. 
The peaks marked "x 10" have been scaled down by a factor of 10. 


element obeys this rule with the exception oi Be (atomic weight 
of most abundant isotope = 9, valency = 2) and Pt (atomic weight 
of most abundant isotope = 195, valency = 2 or 4). One must 
take care in applying the rule to organo-metallic compounds 
containing Cr, Co, Cu, Ir, Fe, Mn, Hg, Mo, Ni, Os, Re, Rh, Ru, 
Ti, W and V since all these exhibit alternative valency states 
differing by unity. 

The fact that a mass spectrometer can give a molecular 
weight with such accuracy leads, in fact, to other arithmetical 
rules which can be used to check formulae of organic compounds. 
One of these is that if the nominal molecular weight of a C,H,N,0 
compound is even so is the number of hydrogen atoms it contains; 
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Table 1 

Possible Molecular Eormulae Corresponding to a Nominal 
Molecular Weight of 84. p, p + 1, p + 2 Represent the 
Relative Peak Heights to be Expected at Masses 
84, 85 and 86 Due to the Presence of Hea^ 
Isotopes at Natural Abundance, but Neglecting 
any Contributions from Peaks at Lower Masses 


Formula 

Mass* 

X 100 

P 

X 1000 

P 

C 2 H 4 N 4 

84.043594 u. 

3.751 

0.558 

C 3 H 4 NJO 

84.032 360 u. 

4.108 

2.659 

C 4 H 4 O 2 

84.021127 u. 

4.465 

4.772 

C 4 H 8 N 2 

84.068745 u. 

5.213 

1.111 

CsHgO 

84.057511 u. 

5.570 

3.264 

Ce H 12 

84.093 896 u. 

6.676 

1.878 


^Throughout this paper accurate masses are based on the mass refer¬ 
ence 12 c = 12.0000 u. 


if the molecular weight-is divisible by 4 the number of hydrogen 
atoms is also divisible by this number 

In order to distinguish between the possible molecular for¬ 
mulae shown in Table 1, it is necessary to measure accurately 
the mass of the parent ion or the isotopic abundances at masses 
84, 85 and 86 due to this ion. The masses of the various atomic 
combinations shown are known to about 1 part in 10^; in order 
to distinguish between them an accuracy of measurement of only 
1 in 2 X 10 will suffice. The abimdances of the heavy isotopes 
of C, H, N and O show natural variations and there would be an 
uncertainty of the order 0.1 - 0.2 in the value of 100 (p + l)/p 
and 1000 (p + 2)/p from this cause. Measurement to about this 
accuracy might be needed at mass 84 to distinguish possible 
formulae. 

As one proceeds to higher molecular weight materials the 
number of possible molecular formulae becomes greater [2] and 
it is correspondingly more difficult to distinguish between them. 
However, two molecular ions difficult to distinguish by mass 
measurement are not necessarily difficult to distinguish by 
abundance measurement and if any other information is avail¬ 
able concerning the unknown this might provide a further basis 
for selection. The situation is illustrated in Figure 3. The 
bottom curve shows the masses of all possible molecules of C, 
H, H and O arranged in ascending order of mass. The difficulty 
of distinguishing between adjacent compounds depends on the 
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Figure 3. Means of distinguishing between molecular formulae at a mass 
number of 200. The bottom curve shows the accurate masses of the various 
atomic combinations, the other curves show respectively the abundances of 
the first and second isotopes and the percentages of carbon and nitrogen in 
the molecules. The numbers along the abscissa indicate the number of C, 
H, N and O atoms. Thus, 8A6,1 represents the formula CgH, N^O. 
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slope of the line joining adjacent points. When the values of 
100 (p + l)/p and 1000 (p + 2)/p are plotted in the correspond¬ 
ing order, it is seen that it is very seldom that a small slope on 
the mass graph coincides with small slopes on the abundance 
graphs. When further information about the molecules is plotted 
(for example the other two graphs show the % K and C in the 
compounds) it becomes easily possible to distinguish any com¬ 
bination from any other. 

Before one can carry out the necessary measurements on a 
parent peak in a mass spectrum one must be able to distinguish 
a parent peak from a fragment peak. Evidence concerning parent 
ions can be assembled in many ways. For example, 

(i) The formula corresponding to this ion will obey the 
nitrogen rule referred to above. Generally speaking fragment 
ions do not obey this rule unless they have been formed by a 
multiple fragmentation from different parts of the molecule or 
have been formed in a re-arrangement reaction. 

(ii) If a fragment ion appears in the spectrum of a pure 
compound at an unusual mass interval (e.g.7-12 or 20-24) below 
the peak due to ions of greatest mass this is evidence that the 
latter ion species is itself a fragment. 

(iii) If reduction of the electron-bombarding energy to a 
value in the region of the expected ionization potential of an 
organic compound causes a particular peak to disappear when 
other- peaks still remain, the peak which disappears must be 
due to a fragment. Unfortunately, the converse is not always 

some fragment ions tend to persist even at very low 
elex^ron-bombarding energies. 

(iv) It can be confirmed that the rate of diffusion of sample 
from the sample reservoir agrees with a molecular weight equal 
to the mass of the heaviest observed ion. 

(v) If the sample pressure is increased above the value 
usually employed, peaks sometimes appear due to reactions 
between ions and neutral molecules in the ionization chamber. 
These peaks can be recognized from the fact that their absolute 
intensity varies as the sc^uare of the sample pressure, and also 
from the way in which their abundance varies relative to peaks 
arising from unimolecular decomposition of molecular ions as 
a function of electron energy. Almost all compounds containing 
a nitrogen or oxygen atom exhibit this phenomenon. The most 
abundant ion-molecule peak occurs at a mass of (p+ 1) and can 
be used to deduce the parent mass. Such peaks appear even in 
spectra of compounds such as adiponitrile in which there is a 
complete absence of parent peaks. 

(vi) If the general class to which the unknown compound 
belongs is known (e.g. paraffin, aliphatic alcohol, etc.) the total 
abundance of all ions in the spectra per unit volume of sample 



MASS SPECTRA WITH MOLECULAR STRUCTURE 749 

vapour introduced is a smooth function, of molecular weight and 
does not vary within a group of isomers. This "total ionization" 
can be used to give a rough guide to molecular weight. 

(vii) A peak in a mass spectrum of a pure compound can¬ 
not be due to molecular ions if it can be shown to be composed 
of two or more ionic species of the same nominal mass. At a 
sufficiently high resolving power, fine structure will be appar¬ 
ent in such a peak. 

If the molecular ion can be distinguished and its chemical 
formula deduced by mass and abundance measurement a very 
important preliminary step towards determining the molecular 
structure has been made. The method is uni(iue in leading to 
exact values for the numbers of C, H, N, O, etc., atoms in the 
molecule rather than ratios of these; once the molecular for¬ 
mula is known the structure to be determined is limited to a 
definite number of possibilities. If the formula is denoted by 
C„ Hx N , the total number of rii^s and double bonds is im- 
mediat^y obvious, being given by (2w + 2 - x + y). Another 
powerful advantage of this method of molecular formula deter¬ 
mination is that the measurement is usually unaffected by the 
presence of impurities, and when a mixture is examined, the 
mass spectrometer can often give a formula for more than one 
component. Indeed in favourable cases, formulae can be deduced 
for impurities present to only about 0.01%. 

The accuracy of mass measurement necessary in the region 
of mass 200 can be estimated from figure 3. A mass measure¬ 
ment to 1 in 10* restricts the number of possible formulae to a 
maximum of 3 and is adequate, when coupled with abundance 
measurements, to give the formula of any organic compound in 
this mass region. The presence of atoms in addition to C, H, N 
and O, for example. Cl, Br, S, Si is easy to deduce from the un¬ 
usual isotopic patterns of these elements and these and other 
elements such as P, F, 1 are also detectable from the unusual 
mass differences which they produce between some fragment 
ions in the spectra. 

Re-writing equation (1) as 


2 

(2) 

mE = const, (at const. H) 

(3) 


it can he seen that mass comparisons can be carried out be¬ 
tween known and unknown masses merely by measuring the ac¬ 
celerating voltages at which they appear at constant magnetic 
field. In this way, using a 6” radius single-focussing mass spec¬ 
trometer of resolving power 300, it has been found possible to 
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carry out mass measurements to about 1 in 2 x 10"^, the limita¬ 
tion being due to the difficulty of determining the exact position 
of the maximum of a mass peak. Although we have not yet con¬ 
sidered in detail the fragment ions in a mass spectrum, it can 
be mentioned here that some of these may be formed with kinetic 
energy, n this is so, they will enter the accelerating field with 
a non-zero velocity and be deflected in the magnetic field along 
the same circular path as a heavier ion formed with zero kinetic 
energy. This difficulty may be overcome by using a so-called 
double-focussing mass spectrometer which corrects for this 
kinetic energy effect. One method by which this may be accom¬ 
plished is to use an energy selector preceding the magnetic 
field [3j; a schematic diagram of a recent commercial instru¬ 
ment built to this design is shown in Figure 4. 



Figure 4. Schematic diagram of the M.S.8 mass spectrometer manufactured 
by Associated Electrical Industries Ltd., Manchester, England. 
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The introduction of such equipment for the study of organic 
structures led to several other advantages. The improved focus 
enabled entrance and exit slits to be narrowed with a corre¬ 
sponding increase in resolving power. With a 6” radius of cur¬ 
vature in the magnetic field, resolving power of about 10,000 
could be achieved in day-to-day operation [4]. This enabled the 
maxima of peaks to be located with greater accuracy, and the 
accuracy of mass measurement to be increased. Using at the 
same time the elegant peak-matching technique [5], accuracy of 
1 in 2 X 10^ could be attained over a mass range of 2%. But an 
equally powerful advantage of the use of high resolution double¬ 
focussing Instruments is that it enables fine structure to be 
distinguished in peaks consisting of several different species of 
ion, all of the same nominal mass number. A. tracing of a mass 
multiplet at mass 44 plotted at a resolving power of 3900 is 
shown in Figure 5. Five different components can be distin¬ 
guished and their origins are shown. 

In order to separate all multiplets which can be formed in 
C, H, N, O compounds, an extremely high resolving power is 




Figure 5. High resolution plot of a multiplet at a nominal mass of 44. 
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necessary. For example, if it were required to separate two 
peaks due to ions differing in formulae only from the fact that 
one contained two hydrogen atoms and the other a single deute¬ 
rium atom, this would require at mass 400 a resolving power of 
about 250,000. This is beyond the present practicable limit for 
apparatus to be used in routine qualitative analysis. However, 
if one neglects doublets containing a heavy isotope, the only 
doublet which cannot be resolved ata resolving power of 100,000 
at mass 400 is the rather uncommon combination CH 4 —H 4 O 4 . 
The common doublets CH 2 — N, CH 4 —O, NH 2 —O and N 2 —CO 
can all be resolved up to mass 400 with an available resolution 
of 36,000 and evidence of multiplet structure obtained at half 
this resolution. A resolution of 36,000 enables the important 
heavy isotope doublet CH— to be resolved up to mass 161 
and useful measurements to be obtained to mass 300 on partially 
resolved multiplets based on this mass difference. TheCH— 
doublet will surely become of great importance in tracer work 
at high resolution. 

A resolving power of over 10,000 has been achieved with 
our M.S .8 spectrometer which has a 6 ” radius magnetic sector, 
and as larger instruments become available the attainable per¬ 
formance should increase still further. Figures 6 and 7 show 
the performance of a prototype machine of 12 ” radius mag¬ 
netic sector. 

The arrangement of the atoms within the molecule which 
gives the structural formula can only be deduced from a knowl¬ 
edge of the formulae and abundances of the fragment ions in the 
spectrum and an understanding of the factors which govern this 
fragmentation pattern. 

In favourable cases it is possible to deduce that some of 
the peaks in a spectrum are not fragments from the heaviest 
ions in the spectrum. Thus, in Figure 2, if we are dealing with 
a compound of molecular weight 84, it is extremely unlikely that 
fragmentation would occur with high probability leading to loss 
of^ si^ hydrogen atoms when 1 , 2 , 3, 4 or 5 hydrogens are not 
eliminated readily. It would then be deduced that the spectrum 
is in fact that of a mixture. Under conditions of high resolution, 
ions due to a second component might also be detected on the 
basis of their formula if this was sufficiently different from that 
of the first component. It should be emphasized that the pres¬ 
ence of an impurity is unlikely to interfere with a mass and for¬ 
mula determination of the major component. Indeed, the reverse 
is also true and formulae of impurities can often be deduced, 
even when they are present to as little as 0 . 01 %. 

By far the most generally useful proposal to explain the 
mass spectrometric ’’cracking pattern” of an organic compound 
has been the "quasi-equilibrium" theory [ 6 ]. This assumes that 
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M > 97 FROM DECAH'yOROMAPHTHAJ-ENe 


e 

M 

AM 


m 


21,750 





Figure 6. The doublet at m/e=: 97 in the mass spectrum of decalin. 


in its passage through a sample molecule the homharding elec¬ 
tron cau repel any valence shell electron near which it passes 
in a ^’yertical” ionization to give a parent ion in an electronically 
excited state. According to the theory the excitation energy 
does not remain concentrated in the bond from which the elec¬ 
tron has been removed but can distribute itself over the molecule 
ion in random iashion. Fragmentation occurs when sufficient 
time has elapsed for energy greater than the dissociation energy 
to accumulate in one degree of freedom. The fragment ion formed 
may itself be excited and dissociate further. Recent work has 
shown anomalies in the quantitative aspects of the theory and it 
seems that the theory is invalid in the vicinity of the ionization 
threshold. 

A great deal of effort has been concentrated into the study 
of the mass spectra of large numbers of compounds in a sii^le 
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Figure 7. The doublet at m/e= 238 formed by the molecular Ions of 
methoxy anthraquinone and di-amino anthraquinone. 


chemical class, e.g., ethers, ketones, nitriles, etc. By this 
means, empirical rules can be deduced so that once a com- 
^ pound is known to be of a particular chemical type its complete 
structure can be deduced. Correlations carried out to date have 
been listed in reviews [7], 

Many of the ions in mass spectra are difficult to explain by 
any simple theory, and involve, for example, re-arrangement of 
the atoms during fragmentation. Naturally, the discovery of 
these re-arrangement ions at first cast doubts upon whether the 
mass spectrometer would prove useful for detailed structural 
investigation, but it is becoming clear that when enough is known, 
about the structures of ions, and the factors important in deter¬ 
mining the localization of charge and thus bond strengths, the 
steric configuration of the atoms as compared with those in the 
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Figure 8. The partial mass spectrum of 9:9* dianthraquinone. 


neutral molecule, the effect of the total stability of products^ in 
producing the ’’driving forefor fragmentation along a partic¬ 
ular path, the structures of the transition complexes formed 
during fragmentation, and so on, one may be able to use such re¬ 
arrangements to deduce subtle features of the structure. Spe¬ 
cial mention should be made of the work of McLafferty [8] and 
Meyer son [9] who by the use of the concepts of physical-organic 
chemistry, sometimes coupled with the use of isotopic labelling, 
have added greatly to our detailed knowledge of fragmentation 
processes in various classes of organic compound. 

The so-called ”meta-stable” ion peaks in the mass spec¬ 
trum are often valuable in determining the detailed path of 
mentation. These peaks are formed by ions of mass rn i suffi¬ 
ciently stable to have been accelerated by the electric field in a 
mass spectrometer, but which have undergone fragmentation 
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into ions of mass ma in the vicinity of the entrance slit before 
deflection in the magnetic field. Such ions will produce a dif¬ 
fuse peak at an effective mass m* in the spectrum, where 
m* = ma^/mi. 

As an example of their use, itis known that esters of formula 


O 



O 


give a large peak in their mass spectra at a mass of 149, corre- 
spondii^ to loss of (OR 2 —1) from the parent ion. A meta¬ 
stable ion peak in the di-butyl ester at mass 108.3 corresponds 
to the transition: 205''' —* 149"'' + 56 and shows the sequence of 
events to be: p+ 205+ -h 73 -* 149+ + 56 + 73, suggesting the 
detailed path 



Hydrogen atoms can move over considerable distances to take 
part in re-arrangements as is illustrated in the following exam¬ 
ple. Anthraquinone has been shown by accurate mass measure¬ 
ment of fragments and by study of meta-stable peaks to frag¬ 
ment according to the scheme: 
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9 :9'-dianthraqumone (the partial mass spectrum of which is 
shown in Figure 8) does not break with loss of CO, but instead 
loses either CHO, CH3O or CHgO and this is followed by a sec¬ 
ond step in which hydrogen is again included in the neutral frag¬ 
ment eliminated. 

Now the molecule of 9:9'-dianthraquinone is not planar and 
it can gain stability by eliminating hydrogen from the 4 and 5 
positions on the rings. It is thought that by localization of charge 
on the oxygen atoms they acquire some degree of trivalency and 
a transition state can be visualized which we may represent by. 



leading initially to fragmentation into 



+CH0 +H2 


and finally into 



42CH0 + H2 
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the ion gaining in stability by the formation of extra bonds, and 
by increased resonance stabilization. 

Similar behaviour occurs with hydrocarbons and can be used 
as anaid in structure determination. Thus, 9:9'-dianthracene [lO] 
readily loses pairs of hydrogen atoms to give prominent ions of 
even mass in its spectrum. Another hydrocarbon of this type 
known to give abundant (p -4)+ions is 4,5-dimethyl phenanthrene, 
and here, too, the possibility of formation of an extra ring is 
evident 



This is typical of the behaviour of fused ring compounds having 
methyl substituents in similar positions. That this is not, how¬ 
ever, the only factor Important in giving rise to (p-4)'^ ions is 
shown by the fact that 9,10-dimethyl 1,2-benzanthracene 



and 1,2,5,6 dibenzanthracene 


MASS SPECTRA WITH MOLECULAR STRUCTURE 


759 


can also lose four hydrogens from their molecular ions with 
moderate probability. 

It is not possible in a short article of this nature to point 
out more than one or two of the semi-empirical methods used 
by mass spectroscopists to arrive at structural formulae, but 
an overall idea of the power and limitations of the method can 
perhaps be gained from the following examples, each of which 
has been chosen to illustrate that the use of a different mode of 
argument may be appropriate in different cases. 

The first example concerns the identification of a reaction 
product formed from known starting materials, and illustrates 
the great advantage gained from the exact molecular weight as 
given by the mass spectrometer. It was one of the constituents 
formed when cyclopentanone (CsHsO, M.W. 84) was reacted with 
n-butylamine (C 4 H 11 N, M.W. = 73) in a sealed tube [ll]. The 
heaviest ion species in the mass spectrum, excluding heavy 
isotopes, was at mass 201 and was assumed to be due to the 
parent ion. 

The reaction which had taken place to give this product can 
be written in one of the following ways (cyclopentanone is rep¬ 
resented merely by its molecular weight of 84 and n-butylamine 
by 73): 


3 X 73 201 + 18 

2 X 73 + 1 X 84 ^ 201 + 29 
1 X 73 + 2 X 84 201 + 40 


Reaction of cyclopentanone alone is not possible since the odd 
molecular weight shows the product to contain nitrogen. For the 
same reason, in the first example shown, the mass 18 must be 
of formula CHg so as to retain an odd number of nitrogens in the 
product. By similar arguments, the reactions can be rewritten: 


SCC^HnN) 

2 (C 4 HiiN) + CgHgO 

C4HiiN + 2(CsH80) 
or 


C11H27N3 + CHg 
C12H27NO + CH3N 
CUH23NO2 + C3H, 
C12H27NO + CjO 


or —♦ Cj^HigN + Hg 02 


An obvious method of attempting to distinguish between the 
possibilities is to measure accurately the mass of the " 201 " 
ions. This was done, using a mercury isotope as reference mass 
and a value 201.151 u. was obtained. The only possible formulae 
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to satisfy this mass are found by reference to a mass table such 
as is referred to earlier and found to be C 14 H 19 N, C 9 H 19 N 3 O 2 
and C 10 H 19 NO 3 . Only the first of these satisfies any of ihe re¬ 
action possibilities. Reactions are known in cyclopentanone 
which eliminate water to give 2 -cyelopentylidene cyclopentanone 
and between cyclopentanone and n-butylamine to eliminate the 
same substance and give N-cyclopentylidene n-butylamine. A 
combined reaction eliminating HgOj (i.e. 2 H 2 O + 4H) might thus 
be expected to give a dehydrogenation product of 



which one would expect to take the form 



This then is the postulated structural formula suggested almost 
entirely by an arithmetic method. 

The second example is one which is greatly assisted by a 
correlation study published in the literature. From its spec¬ 
trum, shown in Figure 9, the compound is thought to have a 
molecular weight of 118 and it can be seen from the unusual 
isotope pattern in this region ((p+ 2 )/p ~ 4 . 5 %) that it contains 
a sulphur atom. An accurate mass measurement shows its for¬ 
mula to be C 5 H 14 S and thus that it contains no rings or double 
bonds in its structure. It is thus either a thiol or a sulphide and 
correlation studies have been carried out for both these com¬ 
pound types [ 12 ]. From these studies it can be seen that the 
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Figure 9. The mass spectrum of a compound for identification, 
(it can be shown to be ethyl, sec-butyl sulphide.) 


absence of a large peak at either mass 84 or 85 [(p - SHj) and 
(p - SH)] shows the compound is not a thiol. The largest peaks 
inthe re-arrangement series (RSH)+ and (RSHa)^ are at masses 
62 and 63 and show that the smaller radical attached to the sul¬ 
phur atom is of mass 29 and thus is ethyl. The compound is, 
therefore, an ethyl butyl sulphide. Fragmentation of the longer 
radical would take place at bonds /3 to the sulphur atom and there 
are large pe^s corresponding to loss of both CH 3 and C 2 H 5 . 
The butyl radical is, thus, sec-butyl and the complete formula is: 

CH3 - CH2 - S - CH - CHa - CH3 


CH3 
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A more complex spectrum which illustrates how apparently 
contradictory information maybe reconciled with a single struc¬ 
ture is that shown in Figure 10. A large number of odd-mass 
fragments si^gests an even mass molecular weight. The 
heaviest-mass ion is at 198, so it is reasonable to suppose that 
this is the mass of the complete molecule. If the molecular 
weight is 198, then measurement of the exact parent mass (by 
comparison with the^^s Hg isotope) leads to the molecular for¬ 
mula Ci 2 H 22 O 2 . Fragmentation takes place with low probability 
to lose masses 15, 29 or 43 and this suggests a straight hydro¬ 
carbon chain; branches would be indicated by a higher probability 
of fragmentation. There is a much larger peak corresponding 
to loss of mass 55 than mass 57, the next member of the series. 
This suggests a re-arrangement process with transfer of 2 hy¬ 
drogens such as occurs sometimes in esters. 



Figure 10. The mass spectrum of a compound for identification, (it con be 
shown to be the n-butyl ester of cyclohexylacetic acid.) 
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Thus 


0 



C-0-R2 


0 


+[r 2 minus 2 h] 


so that R 2 is n-butyl in this case. 

According to a correlation study made between spectra and 
structure in esters [13] this is the most intense kind of re¬ 
arrangement in formates, acetates, etc., leading to ions of 
masses 47, 61, etc. 

Since the re-arrangement here is to mass 143, we can 
assume, by analogy that Rj has a mass of (143 - 47 + 1) = 97. 

Confirmation that we are dealing with a n-butyl ester is 
obtained from the fragment peak at mass 125 which corresponds 
to loss of -OC 4 H 9 without re-arrangement, and the peak at mass 
97 due to loss of -COOC 4 H 9 . A meta-stable peak at mass 75.4 
corresponds to the transition 


p MINUS - OC4H9 [p MINUS 


cooc4H» \co 


and shows that the further loss of mass 28 occurs in a single 
step. 

The peaks at masses 117, 116 and 101 cannot be part of 
this chain fragmentation process and must correspond to bond 
cleavage from a different part of the molecule. They correspond 
respectively to loss of mass 81, 82 and 97 from the parent ion 
and there do not appear to be any fr^ments of higher mass 
which correspond to this series. There are,however, also peaks 
in the spectrum at masses 97, 82, 81 which are probably due to 
fragmentation at the same bonds in the molecule, the positive 
charge remaining on the alternative fragment. We know from 
the molecular formula that the entire fragment (Ri) can contain 
only carbon and hydrogen and thus must be of formula C 7 H 13 
and contain a single ring or double bond. A C e ring woxild seem 
most likely to explain why the smallest fragment lost is of mass 
81 (CeHg) and indeed this fragmentation and also that which 
gives loss of mass 82 must be accompanied by re-arrangement. 
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Thus one must postulate a structural formula 



0 


CHa CHz 


CHs 


to satisfy the spectrum. 

It now remains to study the peaks in the spectrum which 
have not been used in the identification to see whether they fit in 
with the proposed structure. Peaks at masses 39 to 43 and 53 
to 57 and at 83 are due to hydrocarbon fragments of the ends of 
the molecule, that at mass 83 confirming the pendant cyClo- 
hexyl group. 

Re-arrangement peaks at masses 60 and 61 due to ions 
C 2 H 4 O 2 ''' and C 2 H 5 O 2 ''’ would be expected from an acetate. They 
are quite unexpected from the present compound, but previous 
correlations (which have not included any esters of cyclohexyl 
acetic acid) suggest that mass 60 is to be expected only from 
fatty acids or butanoates. Obviously neither of these compound 
types explains the majority of the peaks in the spectrum and 
must be rejected. 

The peak at mass 95 corresponds to fragmentation of Ri 
with loss of a further two hydrogen atoms. This is unexpected 
butnotso surprising as to throw doubt on the proposed structure. 

Peaks at masses 67, 68 and 69 cannot be explained on the 
above hypothesis except by fragmentation of -OR 2 followed by 
loss of up to 6 hydrogen atoms. Nevertheless the spectrum dis¬ 
cussed has, in fact, been published and is that of the n-butyl 
ester of cyclohexylacetic acid. 

The fourth example concerns the identification of a fuigal 
derivative prepared by Dr. G. M. Blackbum of Cambridge Uni¬ 
versity, the partial mass spectrum of which is shown in Figure 
11. The prominent ion at a nominal mass of 422 is assumed to 
be the molecular ion. Its measured mass of 422.223 ± 0.004 u. 
and isotope peaks at masses 423 and 424 of measured abundance 
32.62% and 6.05% of that of the peak at mass 422 fit only the 
formula C 30 H 30 O 2 of mass 422.224 u. and isotope abundances 
32.97% and 5 . 66 % respectively. 

The major fragmentations are to peaks of masses (p-57) 
and (p-114) where p represents the parent mass. These sug¬ 
gest the presence of two amyl groups on an aromatic nucleus. 
These side chains are not branched, otherwise fragments cor¬ 
responding to cleavage at the branches would be seen. 
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220 240 260 280 300 320 340 360 380 400 420 ^ 

Figure 11. The partial mass spectrum of a fungal derivative. 


The nucleus itself is thus of formula C 20 H 10 O 2 and there¬ 
fore contains a total of 16 rings and double bonds. Unless the 
structure contains several fused five membered rings, the struc¬ 
ture 'Will be a 6 fused ring system with ether oxygens as shown 
below. There are other peroxide structures to fit the formula 
but the fragmentation pattern best fits the system sho’wn; 



We have run the mass spectrum of this nucleus Cperi- 
xanthenoxanthene) and find it is characterised by loss of mass 
29 and mass 58. This represents loss of (COH) and (COH )2 to 
more highly fused structures. 
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All peaks other than (p-57) and (p-114) in the mass spectrum 
of thefxmgal derivative compound are small and occur at {p-19); 
(p-29) to (p-33) with an outstanding (p-31); (p-46) to (p-52); 
(p-70); (p-76);(p-77); (p-87) to (p-93) with an outstanding{p-89); 
§)-99) to (p-106) with an outstanding (p-101); (p-127); (p-143) 
and (p-172). 

Now, if the fragmentation takes place in several steps, the 
first steps could be loss of the partial side chains, i.e. 

p+ -» (p-57)+ + C4H9 - (p-114)+ + 2C4H9 . 

The remaining nucleus would then be expected to break exactly 
like peri-xanthenoxanthene, i.e. 

(p_ 114 )+ _ (p-i43)+ + COH (p- 172 )'^ + 2 COH. 

Both these reactions are seen and are evidence that the nucleus 
is as expected. Further evidence for a strong nucleus comes 
from a large doubly-charged ion of (p-114)'''''' in the spectrum. 

The peaks in the region of (p-52) and (p-77) are probably 
from fragmentation of benzene rings. 

It remains to explain how the amyl side chains can prevent 
loss of (CHO) from the-parent molecule. Now there are many 
known examples of fragmentation patterns of a particular group 
being modified by the presence of adjacent groups which can 
themselves take part in the fragmentation reaction to increase 
the overall stability of the resultant ion by forming additional 
rings or bonds. Suppose one postulates amyl groups in the po¬ 
sitions shown, then replacement re-arrangement reactions of 
the form illustrated could occur. The positive charge probably 
lies mainly in the position shown: 



and extra stability can be gained by further elimination of H2 
groups to unsaturate the new ring formed. Thus, there is elimi¬ 
nation of H3O, (p-19); CHsO, (p-33); elimination of C4H9 from 
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one side chain followed by H3O, (p-76) or CH3O5 (p- 88 ). (There 
are no methoxy groups present in the original compound, since 
these would lead to loss of CH 3 very readily, and this is not 
observed.) 

There is also a small possibility of a n-amyl side chain 
breaking to lose CsHio with transfer of a hydrogen. Thus we 
have (p-70), and can also see (p-89), which is formed by loss of 
afurther H 3 O and (p- 101 ) formed by alternative loss of a further 
CH3O. There is loss of 57 from one amyl group and 70 from 
the other: (p-127), but there is never loss of fragments of both 
side chains together with loss of HjO and CH3O and it is clear 
why this is so. Thus every peak (and lack of peak) is explained 
on the above hypothesis. If we assume the isomer to be; 


we should expect to see loss of CH 3 or CH 5 and this does not 
occur. ^ 

The migration of a hydrogen to the trivalent O is again over 
a very long path, as in the case of 9:9' dianthraquinone. 
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VACUUM SPARK MASS SPECTROGRAPHIC ANALYSIS 
OF SOLIDS AND LIQUIDS 


A. J. Aheayn 

Bell Telephone Laboratories, Incorporated 
Murray Hill, New Jersey, U.S.A. 


INTRODUCTION 

Mass spectroscopy has been employed in recent years with 
increasing frequency in the analysis of solids. This is largely 
to meet the need to detect increasingly lower concentrations of 
impurities in solids. Heretofore the emission spectrograph has 
led the field in this work. However, it generally cannot detect 
impurities at concentrations below one part per million (1 ppm) 
and for many elements the sensitivity is substantially poorer 
than 1 ppm. Consequently there are many problems for which 
the emission spectrograph is not adequate. For example, impu¬ 
rities of one part per billion (1 ppb) are of great importance in 
semiconductors. 

The mass spectrograph is an instrument that reveals the 
composition of a sample of material by disclosingthe ratio mass/ 
charge of the constituent atoms and molecules after they have 
been ionized. 

For general purposes, the vacuum spark is probably the best 
positive ion source for mass spectroscopic analysis of solids. 
This source was first employed for this purpose by A. J. Dempster 
in 19 35 [1 ]. He eventually demonstrated that the sensitivity of this 
technique was at least as high as one part per million. His work 
clearly suggested the potential usefulness of the method without, 
however, firmly establishing its broad scope. 

Gorman, Jones and Hippie [2]promoted the usefulness of the 
vacuum spark as a positive ion source for general analytical 
work by verifying the composition of a series of stainless steel 
standard samples. Using electrical recording they determined 
concentrations as low as 0.25% with a high degree of accuracy 
and precision. 
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Several years ago N. B. Hannay [3] designed and built a mass 
spectrograph for the detection of low concentrations of impurities 
in solids. Onthe basis of the experience of Dempster and Gorman 
et al.,he chose the vacuum spark as the most suitable ion source 
for general analytical purposes. 

This source employs a high frequency voltage between two 
closely spaced electrodes of the sample to form the spark. This 
ion source enjoys several advantages over other ion sources such 
as the vaporization electron bombardment and the thermal ioni¬ 
zation sources. Not only can it be used for all elements, but with 
it all elements are detected with about the same sensitivity, as 
will be shown later. This ion source is relatively free from the 
serious problem of contamination. However, since the ions from 
the spark source are very inhomogeneous in energy, it can be 
used only with a double focusing instrument wherein both direc¬ 
tion and velocity focusing is provided. Moreover, the ion current 
from a vacuum spark fluctuates seriously. This disadvantage is 
most easily circumvented by employing photographic detection. 

For these reasons Hannay chose the Mattauch geometry [4] 
double focusing design [5] with which ions of all masses are 
simultaneously in focus on a given plane. 

INSTRUMENTAL DETAILS 

This Mattauch geometry double focusing design is sketched 
in Figure 1. Positive ions from the vacuum spark are acceler¬ 
ated by an applied voltage of ten to twenty KV. The ions from 
the spark are limited by a series of apertures to a beam of an 
appropriately small angular divergence. This inhomogeneous 
beam of ions passes into the electric analyzer with = 31°50'. 
Here velocity dispersion takes place and appropriate apertures 
limit the emergent beam to an appropriately small energy band 
of singly charged ions and integral multiples of this band for 
multiply charged ions. Figure 1 sketches two emergent ion 
beams corresponding to the upper and lower end of this energy 
band. The 90° sector magnetic field just compensates for this 
dispersion in energy and at the same time provides mass sepa¬ 
ration. 

Figure 2 shows a plan view of the Bell Telephone Laboratory 
mass spectrograph. The commercial instruments now on the 
market are basically like Figure 2. They use a vacuum spark 
ion source; they employ the Mattauch geometry double focusing 
and at present use principally photographic detection. 

Some typical mass spectra are reproduced in Figure 3. 
Here a mass range of about 15 to 1 can be covered in a single 
exposure and the particular range desired can be obtained by an 
appropriate setting of the magnetic field. Mass spectra of a high 
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six parts per million of added antimony and an antimony sample 
containing one hundred parts per million of arsenic are shown. 

CALIBRATION, SENSITIVITY AND RESOLUTION 

Figure 4 presents [7 ] a calibration and sensitivity determi¬ 
nation for the instrument shown in Figure 2. A series of high 
purity silicon crystals that contained varying amounts of added 
boronserved as standard samples. The concentration of the boron 
was derived from electrical measurements on these semiconduc¬ 
tors. Similar data with standard samples of germanium doped 
with antimony [7 ] demonstrate that (a) this impurity concentra¬ 
tion determination is directly proportional to theknown impurity 
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Figure 3. Typical Mass Spectra [14]. (a) "High purity" lead, (b) ger¬ 
manium with 6 ppm added antimony, (c) antimony containing 100 ppm 
arsenic. ^ 


concentration over several decades and (b) impurity concentra¬ 
tions below 100 parts per billion (ppb) are detectible by this 
technique, (c) an impurity concentration can be determined to 
within a factor of two. Elliott [5] (et al.) in recent work reports 
that concentration measurements can be made with an accuracy 
of the order of 20% provided suitable calibration standards are 
used. 

The scattering of residual gas atoms by the ions enroute 
through the instrument produces a diffuse darkening of the photo¬ 
graphic plate that may be the most important factor limiting the 
sensitlvWy of tMs type of analytical instrument. Table 1 presents 
ata by Brown [8] et al. on the detection sensitivity for a large 
number of elements in gallium phosphide. Similar data by 
Perkins al. indicate that these values are typical for today's 
commercial instruments. This improvement in detection sensi- 
tivity down to a few ppb or even less is probably largely the re- 

® ^on scattering because of better vacuum conditions 
achieved. 

1 ^3-ss resolution is extremely desirable in this type of 
solids analysis. Background lines such as carbon, nitrogen, 
oxygen etc., hinder the detection of other elements having the 
same nominal mass unless sufficient resolution is available to 
separate such mass lines. The detection of silicon against the 
background lines of the nitrogen molecular ion or of carbon 
monoxide and the detection of sulfur against the oxygen background 
line axe typical cases in point. High resolution is also needed 
when the impurity element has the same nominal mass as that of 
^ ion of a major component as for instance, the case of aluminum 
in iron. The theoretical resolving power of the Mattauch double 
focusing geometry is 
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Am CSi 

■where A m is the minimum mass difference that can be resolved, 
C is the number of mass line -widths used as the criterion to 
define resolution and Sj and r^ are as designated in Figure 1. 


IMPURITY ATOMS PER CC 
io'^ io'^ io'® io’® 



IMPURITY CONCENTRATION IN ATOM FRACTION 
Figure 4. Boron in Silicon Determination [71. 

The microphotometer tracing in Figure 5 obtained by Robin¬ 
son et al. [17]'with Sj = 2 x 10“^ inchesand r^ = 25 inches shows 
the mass line separation achieved bet-ween the zirconium mole¬ 
cule and the hafnium atom where the mass difference is 1 in 1310., 
This tracing indicates that mass differences substantially smaller 
than 1 in 1300 should be resolvable. 

This mass spectrographic technique already is being used 
for a-wide variety of analytical problems some of which are fairly 
straightforward and others of which require special techniques. 
These typical problems will be outlined in the succeeding sec¬ 
tions. 

ANALYSIS OF METALS AND SEMICONDUCTORS 

The analysis of metals and semiconductors requires no spe¬ 
cial technique. A wide variety of these materials have been 
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Table 1 


Tungsten 



Concentration 

Impurity 

Original 

Material 

Zone 

Melted 

IV A 

IV B 


Emission 

Mass 

Mass 


Spectroscopy 

Spectroscopy 

Spectroscopy 

Iron 

< 50 ppm 

lO-lOO ppm 

0.1-1 ppm 

Nickel 

< 50 

10-100 

0.1-1 

Molybdenum 

N.D.* 

10-100 

1 

O 

Chromium 

< 50 

1-10 

0.1-1 

Potassium 

No test 

10-100 

1-10 

Calcium 

< 50 

10-100 

0.1-1 

Germanium 

N.D.* 

10-100 

1-10 

Cobalt 

N.D.* 

1-10 

1-10 

Silicon 

< 10 

10-100 

1-10 

Aluminum 

N.D.* 

0.1-1 

0.1-1 

Magnesium 

< 10 

1-10 

0.1-1 

Titanium 

N.D.* 

No test 

No test 


♦Not detected. 


studied and apparently any metal or semiconductor can be so 
analyzed. Table 1 shows the results of such an analysis of tung¬ 
sten [11] before and after zone melting in vacuum along with 
emission spectroscopic data. The zone melted sample was taken 
from the starting end of a single pass zone melted sample. The 
mass spectrographic data shows that a marked improvement in 
purity is achieved in tungsten by zone melting in vacuum. 

ANALYSIS OF INSULATORS 

The analysis of solid insulators was first [7] undertaken with 
the aid of two short metal tubes that were completely filled with 
the insulator after the latter had been ground up into a powder. 
The mass spectrum of the insulator along with that of the metal 
was recorded when a vacuum spark between the tube ends was 
formed. The spectrum of the insulator could be isolated from 
that of the met^ by suitable control tests. 
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Apparent mass 179. 654 179.80866 179.9461 

Figure 5. Microphototneter tracing of triplet in massspectrum of zircalloyClT]. 


This method of analyzing powdered insulator has three lim¬ 
itations: a) the danger of contamination of the sample during the 
powdering process is great in cases where the sample must be 
ground up, b) surface contamination cannot be distinguished from 
bulk impurities, and c) the contribution of the powder to the 
spark, and therefore to the spectrum, is erratic—it varies ap¬ 
preciably with time. This limitation means that the sensitivity 
with which trace impurities in the powder are detected would 
vary erratically. 

The above limitations inherent in this powder technique for 
analyzing insulators led to the methods [12]sketched in Figure 6. 
When the conductor electrode is brought near the insulator with 
the usual spark voltage applied a vacuum spark between the two 
is produced. Its mass spectrum is a mixture of the conductor 
and the insulator. By means of the electrode positioners, a spark 
can also be formed between the two conductor electrodes in order 
to obtain the spectrum of the conductor alone along with the back¬ 
ground characteristic of the instrument. The difference between 
these spectra yields the spectrum of the insulator. 

The presence of impurities in the conductor would hinder the 
detection of the same impurities in the insulator. Therefore a 
metal whose impurity content is too low in concentration to be 
detected should if possible be used. For this reason the 
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Table 2 

Detection Limits of Impurities in Gallium Phosphide® 
(ppm atomic) 


Element 

Detec¬ 

tion 

Limit 

Element 

Detec¬ 

tion 

Limit 

Element 

Detec¬ 

tion 

Limit 

Uranium 

0.001 

Neodymium 

0.008 

Arsenic 

0.01 

Thorium 

0.001 

Praseodymium 

0.001 

Germanium 

0.03 

Bismuth 

0.001 

Cerium 

0.01 

Zinc 

0.006 

Lead 

0.002 

Lanthanum 

0.003 

Copper 

0.005 

Thallium 

0.005 

Barium 

0.2 

Nickel 

0.005 

Mercury 

0.003 

Cesium 

0.01 

Cobalt 

0.003 

Gold 

0.001 

Iodine 

0.01 

Iron 

0.003 

Platinum 

0.003 

Tellurium 

0.03 

Manganese 

0.003 

Iridium 

0.002 

Antimony 

0.002 

Chromium 

0.01 

Osmium 

0.002 

Tin 

0.003 

Vanadium 

0.01 

Rhenium 

0.002 

Indium 

0.001 

Titanium 

0.01 

Tungsten 

0.003 ' 

Cadmium 

0.003 

Scandium 

0.01 

Tantalum 

0.001 

Silver 

0.002 

Calcium 

0.01 

Hafnium 

0.003 

Palladium 

0.004 

Potassium 

0.01 

Lutecium 

0.001 

Rhodium 

0.001 

Chlorine 

0.01 

Ytterbium 

0.003 

Ruthenium 

0.005 

Sulphur 

0.03 

Thulium 

0.001 

Molybdenum 

0.004 

Silicon 

0.03 

Erbium 

0.003 

Niobium 

0.3 

Aluminum 

0.003 

Holmium 

0.001 

Zirconium 

0.006 

Magnesium 

0.003 

Dysprosium 

0.004 

Yttrium 

0.001 

Sodium 

3 

Terbium 

0.001 

Strontium 

0.001 

Fluorine 

0.003 

Gadolinium 

0.004 

Rubidium 

0.05 

Boron 

0.001 

Europium 

0.002 

Bromine 

0.02 

Beryllium 

0.001 

Samarium 

0.004 

Selenium 

0.02 

Lithium 

0.003 


conductor electrodes were cut from high-resistivity silicon semi¬ 
conductor in which the impurity concentration was too low to 
detect. 

Figure 7 presents photographs of typical mass spectra ob¬ 
tained for steatite using the geometry of Figure 6a. The Figure 
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(a) SILICON-SILICON 
(b, c) SILICON-STEATITE 

Figure 7. Mass spectra for analysis of steatife Cl2]. (a) Vacuum spark 
between silicon electrodes, (b) initial vacuum spark between silicon and 
steatite, (c) subsequent vacuum spark between silicon and steatite. 


7a spectrum was obtained from the spark between the two high- 
purity silicon electrodes. Only silicon mass lines and the usual 
background lines of carbon, nitrogen, oxygen, etc. appear in this 
spectrum. The (b) spectrum was recorded when the spark was 
first passed between the steatite and the silicon. The (c) spec- 
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trum was recorded immediately after the (b) one. In all three, 
the total number of ions to the photographic plate was the same. 

The major components of this particular steatite were barium 
oxide (16%), magnesium oxide (26%) silicon oxide (40%), and 
aluminum oxide (8%). The sum of all other components was less 
than 1% of the mixture. 

The seven isotopes of barium with positive charges ranging 
up to seven electronic units, along with similar multiply charged 
ions of the aluminum and the three isotopes of silicon, magnesium, 
and oxygen, account for most but not all of the many lines in the 
(b) spectrum. The remaining lines of the (b) spectrum reveal 
the presence of iodine, silver, lead, zinc, copper, nickel, manga¬ 
nese, iron, titanium, chlorine, socium, potassium, calcium and 
strontium. 

The spectra of Figure? were part of a study of the efficiency 
of different chemical treatments in cleaning steatite that had been 
heavily contaminated with perspiration. Before the (b) spectrum 
was recorded, the steatite had been treated successively in pe¬ 
troleum ether, ammonium hydroxide, distilled water and ethyl 
alcohol. 

In the absence of standard samples of steatite containing 
impurities at known concentrations, the sensitivity for the de¬ 
tection of bulk impurities remains unknown. However since the 
contribution of the insulator to the spectrum is large, the sen¬ 
sitivity is probably comparable to that for semiconductors where 
impurities at concentrations below 10“^ atom fraction are 
detected. 

Figure 6b sketches the geometry used in the analysis of a 
natural crystal of Brazilian quartz. Impurities in this quartz 
revealed by the mass spectra recorded included phosphorus, 
sulfur, magnesium, aluminum, iron, fluorine, nickel, calcium and 
copper. 

In the analysis of insulators, the vacuum spark source used 
by James and Williams [13] employed auxiliary conducting elec¬ 
trodes each of which had a piece of the insulator sample in con¬ 
tact with its sparked end. This method has been used in analyzing 
synthetic silica and fused quartz. James and Williams [13] also 
report preliminary examination of unknown powder samples 
such as hard metal powders. Here they use carbon as the con¬ 
ducting electrode since its surface is sufficiently rough for some 
of the powdered sample to adhere. Quite satisfactory spectra of 
lithium fluoride, etc., have been obtained in this way. 

SURFACE CONTAMINATION 

The vacuum spark source enables the mass spectrograph to 
distinguish between bulk impurities homogeneously distributed 
through the sample and those impurities that are present largely 
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as contamination on the surface of the sample electrode. This 
differentiation arises since the vacuum spark first samples the 
surface of the electrodes before it consumes the interior of the 
sample. Consequently, impurity mass lines due to surface con¬ 
tamination decay in intensity as the spark erodes into the elec¬ 
trode, whereas bulk impurity mass lines do not decrease. 

This is illustrated in Figure 8. Three successive photo¬ 
graphs [14] of the mass spectrum from nickel electrodes were 
made. The photographic plate received the same number of ions 
from the spark in each case. A, B, and C are density records of 
the aluminum doubly charged ion mass line obtained, A being that 
from the initial sparking of the electrodes. These data indicate 
that the aluminum is present in the nickel as a bulk impurity 



Figure 8. Microphotometer tracings of mass line of bulk impurity versus 
surface contaminant t16]. 

A,B,C: Aluminum as bulk impurity in nickel. Mass line 13.5 (Al^”’*) in 
successive spectra. 

D,E,F: Magnesium as surface contaminant on silicon. Mass line 12.5 
(Mg ■^) in successive spectra. 
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Since the density (A) of the aluminum line during the initial 
sparking of the nickel electrodes is no greater than that subse¬ 
quently obtained (B and C). 

In Figure 8,D, E, and F are density records of a magnesium 
doubly charged ion mass line that appeared in the spectrum of 
silicon. This data indicates that the magnesium is present as a 
surface contaminant on the silicon since the density of the mag¬ 
nesium line during the initial sparking (D) of the silicon electrodes 
is about 10 times greater than that subsequently obtained (E), 
•which in turn is greater than (F). 

In the early work with this instrument, with the use of a pair 
of pointed electrodes, surface contaminants were detected and 
identified when they were equivalent to 0.1 monolayer. The film 
thickness that can be detected by this means clearly is deter¬ 
mined by the surface area that the vacuum spark explores. Fig¬ 
ure 9 illustrates a simple way to increase the area scanned by 
the spark. The pair of pointed electrodes referred to above and 
ordinarily used for bulk impurity studies was replaced by one 
pointed and one wedge shaped electrode. The electrode posi¬ 
tioners enable the operator to move the pointed electrode along 
the entire two mm. width of this wedge. 

By evaporation in vacuum, a single monolayer of indium was 
deposited on such a pair of point-wedge electrodes of germanium. 
Figure 10 presents the microphotometer tracing of the mass lines 
for the two isotopes of indium from the spectrum photographed 
during the initial sparking of the electrodes. 

Since the mass llS^indium isotope is 4% abundant, the mass 
113 line is the response from the equivalent of 0.04 monolayer 
of indium. 

In Figure 7 many of the lines not assignable to steatite are 
stronger in the (b) spectrum than in the succeeding (c) spectrum. 
This indicates that the chlorine, titanium, iron, manganese, nickel, 
copper, zinc, lead, silver and iodine are present as surface 
contaminants on the steatite. 

This teciiniquefor detecting and identifying surface contam¬ 
inants was also employed to detect and identify boron from a 
borosilicate glass [16] vacuum system as the acceptor in delete¬ 
rious p layers grown on vacuum heated silicon. 


ANALYSIS OF LIQUIDS 

This surface contamination sensing ability of the vacuum 
spark has been employed to study trace impurities in liquids. 


*The density ratio of the two indium lines does not reflect the true abun¬ 
dance ratio because the mass 115 line is overexposed. 
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Figure 9. Electrodes for surface contamination [16] studies in which area 
explored by spark is increased by manual scanning. 



Figure 10. Microphotometer tracings of indium mass lines from one 
monatomic layer [16] deposited on germanium surface. 


This is done by exposing a suitable surface to the liquid and its 
impurities in one of a number of ways. It is best done with high 
purity electrode material the surface of which is initially clean. 
Control tests justify the assignment of detected surf ace contami¬ 
nation to the liquid in question. 

Experiments reported elsewhere [14] were made in which 
electrode surfaces were contaminated merely by dipping into a 
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sodium hydroxide solution. Surface contaminants subsequently 
detected and identified included boron, sulfur, sodium, magne¬ 
sium, aluminum, copper, zinc, nickel, iron, chromium, calcium 
and chlorine. 

Other experiments [16] demonstrated that impurities in low 
conductivity water could be detected by contamination of suitable 
electrodes by an electroplating technique. 

These experiments suggested that impurities at very low 
concentrations might be detected if a mass of liquid was deposited 
on an electrode surface and allowed to evaporate. The impuri¬ 
ties in the liquid would be left contaminating the surface provided 
the liquid evaporated more rapidly than the impurities. Such 
experiments with pure water [16] subsequently doped with specific 
impurities at known concentrations have been made. Since the 
spark can sample only the tips of electrodes such as those shown 
in Figure 9, this is where the residue from the evaporation must 
be deposited in order to be subsequently detected. But drops of 
water placedonthe tipsof these electrodes would spread out over 
the surface and most of the residue would be inaccessible to the 
spark. 

This difficulty was circumvented by means of specially shaped 
electrodes shown in the photograph in Figure 11. Originally this 
electrode was square in cross section throughout its length, this 
cross section being about 1 mm 2 . Over a length of several mil¬ 
limeters, this cross section was decreased as shown but at the 
extreme tip it flared out to the original dimensions. 

If the mass of a drop of water is the maximum that the tip 
can support, the drop will hang from the tip. Larger ones fall 
off, and smaller ones creep up the electrode. However by apply¬ 
ing the electric field indicated in Figure 11, these smaller drops 
can be pulled down toward the tip. With the flared end the inte¬ 
grated contact force increases as the drop is pulled down. Con¬ 
sequently by increasing the field the drop can be pulled well 
down to the tip without pulling it off. As the evaporation proceeds 
the remaining drop can be held at the tip by appropriately in¬ 
creasing the electric field, the needed value of which may reach 
several kilovolts per centimeter. 

This localization of a water drop is illustrated by the photo¬ 
graphs of Figure 12. In (A) with zero electric field the drop, 
being less than the critical mass, has crept up the electrode. By 
applying an appropriate electric field it was pulled down to the 
tip as shown in (B). (C), (D), (E), and (F) show the remaining 
drop held in position by progressive increase in the voltage as 
the water evaporated. 

A deionized water sample was doped simultaneously with 
beryllium, sulfur, chromium, copper, arsenic, silver and lead. 
One drop of this multiply doped water was dried on an electrode 



VACUUM SPARK MASS SPECTROGRAPHIC ANALYSIS 783 

as shown in Figure 12. All were detected in the mass spectrum 
subsequently recorded. Table 3 lists the concentration of a 
specific isotope of each of these doped impurities along with the 
density of the corresponding mass line used for detection of this 
impurity. The density of the doubly charged mass line of lead 



Figure 11. Electrode tip on which water drop can be confined by 
electric field [16]. 



Figure 12. Evaporation of water drop confined to electrode tip by 
electric field [16]. 


suggests that the singly charged ion would be detected at about 
X 10 atom fraction if the latter were recorded. Similarly the 
density of the sulfur triply charged line suggests that if the singly 
charged line were resolved from the oxygen background line it 
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too could be detected at about 1 x 10'® atom fraction. Thus the 
data of Table 3 indicates that impurities in water can be detected 
at or below concentrations of 10“®. 


Table 3 

Mass Spectrographic Detection of Impurities 
Introduced into Deionized Water 


Impurity 

Isotope 

Mass Line 
m/e 

Density 
of Mass 
Line 

Concentration, 
Atom Fraction 

Beryllium 

9 

9 

0.44 

1.1 X10-® 

Chromium 

53 

53 

0.12 

1.0 K10-® 

Copper 

65 

65 

0.06 

0.9X10-® 

Arsenic 

75 

75 

0.33 

1.0 X 10“® 

Silver 

107 

107 

< 0.02 

1.2 X 10“® 

Lead 

207 

103.5 

0.04 

5.8 X 10“® 

Sulfur 

32 

10.67 

0.11 

22.0 X10“® 


The single drop of water about 3 mm in diameter that was 
used contained about 10“gm of beryllium and 10“^° gm of 
silver. These small quantities needed for detection by this mass 
spectrographic technique compare favorably with the quantity of 
about 10“’ gm needed by spectrophotometric methods at optimum 
sensitivity. 

This method of detecting impurities is not limited to the case 
of water but should be applicable to any liquid that evaporates 
more rapidly than do the impurities in solution in the liquid. The 
analysis of body fluids, the detection of nuclear fragmentation 
by-products in water, the identification of inorganic impurities 
in air by dissolving in a suitable solvent are examples that indi¬ 
cate the wide range of studies to which this technique should be 
applicable. 


ANALYSIS OF LIQUID GALLIUM 

When a clean electrode of high purity silicon is dipped into 
liquid gallium, a little of the latter adheres to the end of the 
electrode by wetting it. When a vacuum spark is formed between 
two such gallium tipped silicon electrodes, gallium and silicon 
are major constituents in the mass spectrum recorded. This use 
of silicon electrodes precludes the detection of silicon as an 
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impurity in the gallium. This limitation can be circumvented by 
using high purity germanium electrodes. In this case it is nec¬ 
essary to use supersonic agitation of the electrode to get the 
gallium to wet the germanium. 


Using high purity silicon electrodes, mass spectra of a 
gallium sample from the tail end and from the seed end of a sup¬ 
ply of zone refined gallium were recorded. Figure 13 displaying 
mass line densities shows the principal differences that appeared 
Sulfur, boron, aluminum, magnesium, phosphorus, chlorine, 
potassium and calcium appeared in the tail end but were either 
not detected or were substantially weaker in the seed end sample 
of this zone refined gallium. In addition to these elements, cop¬ 
per, iron, lead, zinc, indium and tin were detected in each sam¬ 
ple at about the same concentration indicating that little or no 
segregation of these elements was achieved in gallium. 

4 . 1 . [8] al. have analyzed gallium by supporting it on 

the end of high purity graphite electrodes. 


ANALYSIS OF MICROSAMPLES 


Sometimes the total amount of sample available for analysis 
IS so small that conventional methods of analysis even for major 
components becomes difficult or even impossible. The higher 
sensitivity available in this mass spectrographic technique fills 
an important gap in the analysis of such "microsamples." 

Figure 14 shows a short (0.10 inch) piece of 0.001 inch diam¬ 
eter gold wire mounted on a heavier support post. The composi¬ 
tion of the free end of the gold wire was needed—particularly 
regarding HI and/or V elements in the periodic table. Because 
this fine wire was so flexible and because it was difficult to see 
their relative positions it was not possible to form a satisfactory 
spark between the ends of such wires; the necessary control 
could not be achieved and they fused together as soon as the spark 
was started. This difficulty was circumvented by forming the 
spark between one gold wire and a large cross section high purity 
silicon electrode as shown in Figure 14. Boron, aluminum and 

gallium were detected. The concentrations ranged from 10 to 
1000 ppm. 

Small crystals of diodes or other semiconductor devices 
could not be analyzed satisfactorily "in situ" because the spark 
could not be completely confined to the crystal. This limitation 
was avoided by removing the minute crystal in question and 
mounting it in a suitable holder. In addition to certain limitations 
ot size and geometry imposed by the instrument itself, this holder 
must be of sufficiently pure material so that the detected impu¬ 
rities can be unambiguously assigned to the crystal itself 
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Figure 13. Comparison of mass spectra of zone refined gall 



Figure 14. Electrodes for vacuum spark to fine v/ire. 
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Figure 15 contains photographs showing two views of a holder 
meeting these requirements. Since the crystal it holds is silicon, 
the holder is made of high purity silicon. The two pieces com¬ 
prising the holder and the crystal are held together in position 
by platinum wire. The unit is moxinted in the standard pin vise 
ordinarily used to hold an electrode of a sample like those of 
Figure 6. 



Figure 15. Silicon holder for vacuum spark to small sample. 


The mass spectrum of the crystal is obtained by running a 
vacuum spark between it and a high purity electrode of the same 
element—silicon in this case. For the analysis of a germanium 
crystal a holder and second electrode of high purity germanium 
would be used. 

For some materials, it might not be feasible to make the 
holder and second electrode of the same material as the sample. 
This difficulty could be circumvented by two analyses, one with 
silicon holder and second electrode followed by one with a 
germanium holder, etc. The first would test for all elements 
but silicon and the second would test for all but germanium. 

Donor and/or acceptor impurities detected in silicon crys¬ 
tals from a number of semiconductor devices included boron, 
arsenic, aluminum, gallium, antimony and indium in concen¬ 
trations ranging from 1 to 1000 ppm. 

The sample holder of Figure 15 is not limited to holding 
square or rectangular shaped samples. It could be used to hold 
a wide variety of irregularly shaped small samples. 
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Figure 17. Photographs showing area of sample explored by spark 
using pointed electrode. 

Brown [8] et al. have analyzed small samples by inserting 
them into a split electrode of high purity graphite. Using this 
technique they have successfully analyzed a single radar diode 
which weighed only two milligrams, showing the doping element 
and its approximate concentration. They have also examined 
individual crystals of cadmium sulfide for photocells by this 
technique. 

Sometimes even with small samples of Figure 15, the region 
of interest comprises only a fraction of the crystal. In this in¬ 
stance it is very desirable to localize the spark as much as pos¬ 
sible. For this purpose a second electrode needle—like in shape 


Figure 16. Pointed electrode for confining vacuum spark to specific 

area sample. 
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as shown in Figure 16 has been used. The photographs of Figure 
17 illustrate the degree with which the spark can be localized by 
this simple technique. 

Donor and acceptor impurities in silicon detected by this 
technique consisted of boron, aluminum, gallium and arsenic in 
concentrations ranging from 1 to 100 ppm. Gold, silver and cop¬ 
per were also detected in concentrations ranging from 1 to 1000 
ppm. 

CONCLUSIONS 

The Mattauch geometry double focusing mass spectrograph 
with the vacuum spark positive ion source is proving to be quite 
a versatile instrument for analytical studies. This technique 
complements that of emission spectroscopy by extending this 
general analytical capability to lower impurity concentrations. 

Now that satisfactory techniques are at hand for testing 
almost any insulator, this instrument can test for most impu¬ 
rities in almost any solid of a wide variety of sizes and shapes. 

Since the vacuum spark initially samples the surface of a 
solid, surface contaminants can be distinguished from bulk im¬ 
purities. This surface sensing ability has added greatly to the 
usefulness of the instrument. Not only has it been used to study 
surface contamination per se, but this surface sensing ability 
can be employed to study liquids. Here the surface of a suitable 
solid is deliberately contaminated with the liquid after which the 
resulting surface impurities are picked up in the mass spectrum 
recorded. 

The techniques now available for handling and analyzing 
microsamples opens up yet another field where the high sensi¬ 
tivity of this mass spectrographic method can be profitably used. 
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THE TEACHING OF SPECTROSCOPY 


A. C. Menzies 
Hilger & Watts Ltd. 
London, England 


This is a very wide subject, and unless some limits are set 
to it the article would become so diffuse as to be worth¬ 
less. I have therefore considered particularly the education of 
operators, the technicians on whose findings the scientists may 
have to rely. Much of what I write will have a wider application 
than this. In this first paper in our discussion, it is permissible 
and necessary to make some definitions. First, spectroscopist. 
The derivation is helpful, and I find less well known than it 
deserves to be. The "spectro" part is obvious, but the "scopist" 
part is derived from a verb used by the Greeks in philosophy, 
to mean apprehend rather than to see visually—i.e., to see with 
the mind. Thus, spectroscopist should mean one who studies and 
understands the spectrum. 

Next I consider the types one has to educate, depending upon 
their respective duties. A spectroscopic team consists of 

(a) a leading scientist 

(b) assistant scientist(s) 

(c) technicians. 

(a) and (b) will have had a university education or its equivalent, 
some may have commenced as technicians, (c) may be at any 
lower stage of experience: they may have just started, or may 
have worked as such for some years, and attended technical 
college classes in the evenings or by some form of day release. 

Later in the discussion my colleagues will be talkin g about 
the education of (a) and (b). I will speak about (c), whom I believe 
to be the more difficult type to educate-if a man is suitable for 
university training as a scientist, he is easier material with 
which to deal than the man who is less gifted but must be trained 
to employ complicated equipment. 
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Technicians 

Lord Cherwell, speaking of the trained technician, distin¬ 
guished him thus from the technologist 

"The word 'technician' is used to mean a man who has been 
trained to carry out established techniques which may be com¬ 
plex, and require a high degree of skill, or to work in a pre¬ 
scribed field under instruction; whereas by a 'technologist' is 
meant a man, who, as a result of broadly based studies and wide 
practical experience, has acquired a real understanding of sci¬ 
entific principles and can apply them to the development of in¬ 
dustrial processes in diverse fields. It may sometimes be diffi¬ 
cult to draw a sharp line of demarcation between the technician 
on the one hand and the scientist or the technologist on the other." 

The Supply and the Intelligence Level 

We have to share in the national supply of technician mate¬ 
rial, and this fixes the level of intelligence possessed by recruits. 

J. F. Coales [ 1] has discussed this supply in connection with 
education for automation, and has concluded that for the supply 
of technicians we must depend on an I. Q. down to 107—only slightly 
above the average. The range of I. Q. for the university popula¬ 
tion, which supplies the scientists, begins approximately at 120, 
and has the largest number around 125. CXir supply of technicians 
is sufficient, if we can devise training methods for them bearing 
in mind the relatively low I. Q. 

How Are We to Select Recruits ? 

The personal qualities which appeal to me are 

(a) Conscientiousness. 

(b) Interest in little things. 

(c) Enthusiasm for this job. 

(a) is of first importance since consistency is all-important 
for securing accurate results. G. Carlsson of Stockholm said that 
he made analyses of steel photographically with 1% coefficient of 
variation, only if he performed all the steps—including sample 
preparation—himself. The chief scientist of a steelworks in the 
Ruhr told me that slag analyses made in his laboratory with x-ray 
fluorescence were excellent if he watched the sample preparation 
or did it himself. 

(b) is common to all successful scientists and technicians— 
Sir Francis Bacon wrote:- 

"Rare and notable thirds cannot be understood, much 
less new thirds brought to light, unless the sense of common 
thills and their causes be duly examined and brought out." 
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An interest in little thirds usually indicates good powers of 
observation. 

(c) is meant to connote an enthusiasm for working with 
instruments—not just enthusiasm for the higher pay which may 
go with the job. 

Training the Recruit 

This recruit-what is he like? Possibly a young man 17 
years of age or more, whose acquaintance with science has been 
through exposure to instruction in elementary science while at 
school. A vacancy occurs for an operator, and he has been 
selected. He reports to the spectroscopy lab, where everyone is 
busy with their own jobs, and he has to be useful and pick things 
up. At first he will have the fetch and carry jobs, and be initiated 
first into sample preparation. 

He has to be trained, but he must be useful while being 
trained. To reconcile these requirements, it pays to give him 
two kinds of training-first what might be called preliminary 
training, followed up more leisurely by the main training. 

Preliminary Training 

It is possible for operators to be successfully working with 
quite sophisticated instruments only days after beginning, pro¬ 
vided nothing out of the ordinary occurs, for which greater expe¬ 
rience or knowledge is needed. 

As an example from another field, that of the manufacture 
of precise optical parts, consider the Twyman-Green interfer¬ 
ometer. The university physics student knows enough to under¬ 
stand how it works when he has reached the second year. Girls 
are taught in two weeks to use it to checkthe perfection or other¬ 
wise of a prism or lens, and after four weeks can safely be left 
to deduce which are high spots and which low. They are shown 
how to put in the optical piece to be tested, and how to tweak 
gently a bar supporting the eye-lens so that the fringes move- 
towards the high spot. Later they can learn something about 
interference; the preliminary training whets the appetite and 
makes them almost immediately useful. 

Main Training 

It would be good if all our technicians could attend courses 
in physics and chemistry, electronics and engineering. Some will 
do so, who have the ability and urge to advance. It is not neces¬ 
sary for all to do so, and remembering the I. Q. limitation only 
a few should be encouraged to attend such courses. 
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What is needed is a special course, covering those parts of 
the sciences necessary for understanding the operations of ap¬ 
plied spectroscopy. It does not need to be basic, in the sense 
that every statement is proved, but so that it may be apprehended, 
reasons must be given, and facts related to one another. This 
last requirement is important, because the pupil needs to re¬ 
member, permanently, what he has learned, and it is easier to 
remember a whole system of interlocking ideas than a few hap¬ 
hazard unconnected ones. What we need for our technicians is a 
system of interlocking ideas, but their intelligence level is not 
high enough to give them the complete physical description of all 
that is relevant. This requires a book to be written, on what I 
call "Plausible Spectroscopy." 

An example of the interlocking of ideas is the treatment of 
the luminosity of spectrographs and spectrometers, normally 
treated separately on the grounds that the former are photographic 
while the latter are photoelectric. Separate treatments are given, 
considering intensity of illumination at the photographic plate, 
and total flux at the exit slit, respectively. Let us see how these 
can be linked. In reality, both are photoelectric—the only basic 
difference lies in the extreme smallness of the detector residing 
in the photographic plate. This is so, because each grain is an 
isolated detector—what happens in one scarcely affects what 
happens in a neighbouring one. It follows that both types of in¬ 
strument can be treated as photoelectric, and conclusions drawn 
for the spectrograph by considering the dimensions of the detec¬ 
tor to be very small. This applies particularly to the height of 
the grain (in the direction of the slit) for in both types of in¬ 
strument the slit will be narrow. To be definite, the normal 
consideration of the spectrometer usedwith a continuous source 
gives for the power issuing from the exit slit 

PDs^TAH/F watts, 

where P is the power radiated by each unit area of the source 
through unit solid angle for unit band-width, 

D is the aigular dispersion of the system 
s is the spectral band-width 
T is the transmission of the instrument 
A,F are the area and focal length of the telescope lens, and 
H is the height of the entrance slit. 

This has been calculated for photoelectric instruments. If we 
make H the average diameter of the grain, it applies directly to 
photographic instruments, and one may deduce all the conse¬ 
quences for the design of a luminous spectrograph. 

In the same way, this formula deduced for a continuous 
source, includes the result for a line source, if we make the 
band-width suitably narrow. 
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Practical Work 

The technician gets practice in his work with the firm's 
equipment, but this is the routine upon which it is the business 
of technical classes to shed light. On the continent of Europe, 
demonstrations by the instructor are more stressed than indi¬ 
vidual practical work by the pupil. With us the reverse is true— 
we have a "do it yourself" mentality. Recent enquiries have 
suggested that both extremes are wrong, and we are being advised 
to introduce more demonstrations by the teacher, while the con¬ 
tinentals are being urged to arrange more individual work. 

As in all scientific practical work, each experiment should 
have a limited aim which must be carefully defined, and the ap¬ 
paratus must be chosen so that the aim can be achieved without 
distraction. K, for example, the experiment is on the functioning 
of a spectroscope, the instrument must be capable of beii^ taken 
apart; but if the aim of the experiment is to apply the spectro¬ 
scope to some task, it must not be in danger of falling to pieces. 
Put another way, subordinate parts of the apparatus should not 
need to be "babied"-the only difficulties should be directly con¬ 
nected with the main intention. I remember the great C.T.R. 
Wilson of cloud-chamber fame used to provide students with a 
sensitive galvanometer having no levelling screws—one was pro¬ 
vided with paper of thickness varying from postcard to cigarette- 
paper which one tore up and inserted beneath it. The aim here 
was to learn to be patient! 

These thoughts suggest that two kinds of apparatus are needed 
for the technical courses, 

(a) instruments to apply to spectroscopic experiments; they 
need to be robust, simple and preferably cheap. 

(b) apparatus capable of acting as instruments when com¬ 
plete, but which can easily be taken apart to study the functioning 
of component parts. This type should, if possible, be able to be 
set up in various ways, like Meccano. 

Many instruments of class (a) already exist, for one may 
afford the cheaper instruments made by various manufacturers. 
Conscious effort to provide simple and cheap equipment for the 
purpose is being made in various countries. 

There is less choice in class (b); it is interesting to recall 
that so long ago as 1924 William Taylor, founder of Taylor, 
Taylor and Hobson of Leicester, England, copyrighted a construc¬ 
tional kit of optics, and called it Koptor—it was made at South- 
bridge, Mass, by the Koptor Company. It did not become popular, 
being somewhat clumsy and easy to knock over. 

More modern constructional kits for the teaching of optics 
are now produced in Sweden, Western Germany and Great Britain, 
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and a kit for teaching spectroscopy especially is being developed 
in Great Britain. 
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line profiles in, 141 
oscillator strength determination in, 
140 

scope and limitations of, 133 
sensitivity of detection in, 135 
of tungsten, 83-90 
atomic energy levels, 60 
atomic spectra, 1-4/1 
Doppler broadening in, 168-169 
isotopic shifts in, 73-81 
ATR, see attenuated total reflection 
attenuated total reflection, infrared 
spectra and, 445-460 
Kramers-Kronig relations and, 456- 
458 

micromethod in, 458 
optical constants determination in, 
453-455 

optical density and, 453 
phase shifts in, 458 
reflection accessory in, 450-451 


band intensities, infrared, 510-511 
substituent effects and, 506 
barium, sensitivity of detection by 
atomic spectra, 135 
wavelength, infrared, 59 
benzene, absorption spectrum in vac¬ 
uum ultraviolet, 234 
benzcnoid derivatives, substituent ef¬ 
fects and, 517-523 
benzophenone, electron magnetic re¬ 
sonance spectrum of, 703 
beryllium, analytical curves in flame 
spectroscopy, 196 

flame spectroscopy detection sensi¬ 
tivity of, 182, 185 
flame spectrum of, 177-178 
BF3 complexes, 540 
biological and medical applications, 
of electron microprobe, 371-379 
biphenyl, 685 

1,3-bisdiphenylene-phenyl-allyl, elec¬ 
tron spin resonance spectra of, 
712, 715-716 
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bismuth, analytical curves in flame 
spectroscopy, 195 

flame spectroscopy detection sensi¬ 
tivity of, 185 

flame spectrum of, 176, 190 
Bleaney-Stevens formulation, 732 
BO 2 spectrum, 600 
Bohr magneton, 732 
Boltzmann equation, 16 
boron, flame spectrum of, 187 
Breit-Rabi formula, 733-734 
bromide band spectra, 602 
bromine, energy levels of, 61 
infrared spectrum of, 570 
as solvent, 569 
Buckingham-KBM plots, 573 
cadmium, analytical curves in flame 
spectroscopy, 194 

flame spectroscopy detection sensi¬ 
tivity, 182-185 
flame spectrum of, 177-186 
sensitivity of detection by atomic 
spectra, 135 

wavelength, infrared, 60 
calcium, energy levels of, 62 
sensitivity of detection by atomic 
spectra, 135 

carbon, flame spectrum of, 187 
sensitive emission lines, 225 
carbon dioxide, absorption spectrum 
in vacuum ultraviolet, 231-232 
carbon disulfide, Raman spectra in¬ 
tensities of, 469-473 
carborundum, see silicon carbide 
carbonyl frequencies, 488-500 
carbonyl group, donor characteristics 
of, 539-546 

frequency shifts and, 498 
polarity changes in, 498 
cesium, flame spectrum of, 180 
sensitivity of detection by atomic 
spectra, 135 

wavelength, infrared, 59 
CH 3 gaseous spectra, 587 
charge-transfer complexes, 574 
chemical bond, effect of on X-ray 
spectra, 307-318 

chemical shifts, nuclear magnetic 
resonance and, 648-678, 657-659 
chemiluminescence, see flame spec¬ 
troscopy 

chloride band spectra, 601 
chlorine, energy levels, 61, 63 
chloroform, Raman spectra intensi¬ 
ties of, 469 

chromium, flame spectrum of, 175- 
182 

chromophores, n -» 7 r* transitions of, 
528-534 


comets, spectra of, 17 
composite Hamiltonian, 731 
contact interaction, in nuclear mag¬ 
netic resonance, 666-667 
contact shifts, 669-673 
copper, flame spectroscopy detection 
sensitivity of, 182 
flame spectrum of, 175, 186 
sensitivity of detection by atomic 
spectra, 135 

wavelength, infrared, 59 
correlation effects, in nuclear mag¬ 
netic resonance, 669 
coupling constants, 650 
coupling systems, 732 
critical angle, in attenuated total re¬ 
flection, 446 

crystal field effects, 696 
crystals, nuclear resonance of, 648 
radiation damage in, 719, 721 
C=S stretching frequency, 514-515 

dative conjugation, 670 
Debye-Polo-Wilson relation, 566 
deuterium substitution, 696 
diamagnetic moments, 648 
diatomic molecular spectrum, 597- 
604 

dibenzene-iodides, electron spin 
spectrum of, 711 

dibro mo ethylene, refractive indices 
of, 567 

dichloromethane, absolute intensi¬ 
ties of, 567 

diffraction gratings, 549 
diphenylmethyl, electron magnetic 
resonance spectra and, 703 
dipole-dipole coupling, 650 
dipole-dipole interaction, 649, 688 - 
689, 734 

D.N.A., spin-lattice relaxation and, 
652 

donor-acceptor complexes, 539 
Doppler broadening, in flames, 168- 
169 

double modulation, 677 
double nuclear resonance, 650 
durene, 685 

dysprosium, isotopic shifts in spec¬ 
tra of, 73-81 

education, 791-796 
equipment for, 795 
electron distribution, hydrogen cou¬ 
plings and, 724 

electronegativity, group frequencies 
and, 489, 498 
infrared spectra and, 487 
Pauling, 502 
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electronic spectra, of gaseous free 
radicals, 583-595 

substituent effects of organic mole¬ 
cules in, 505-537 

electron magnetic resonance, 681-705 
electron microprobe, design of, 358 
electron back-scattering and, 358-362 
for light elements, 364-367 
sample holder, 385, 393 
scanning, 357-380 
as X-ray microprobe, 394-396 
electron microprobe analysis, 357-380 
analysis of radioactive materials, 
383-388 

of thin films, 391-397 
applications in biology, 371-379 
in medicine, 371-379 
in metallurgy, 362-365 
in mineralogy, 367-369 
archeological applications, 369-371 
electron spin resonance, 666, 707-718 
line width in, 717-718 
low-frequency to near microwave, 
729-741 

in oriented radicals, 719-726 
electrostatic precipitation, 579 
electric quadrupole moments, 654, 

725 

elements, origin of, 28 
emission spectra. X-ray, see X-ray 
emission spectroscopy 
EMR, see electron magnetic resonance 
Endor spectra, 725 
energy levels, argon, 64, 67, 70 
calcium, 62 
chlorine, 61, 63 
germanium, 61, 65 
iodine, 61 

ESR, see electron spin resonance 
exchange interactions, in electron spin 
resonance, 709, 717 
exploding wires, time-resolved spec¬ 
tra of, 108 

extreme ultraviolet, see vacuum ul¬ 
traviolet 


Fermi resonance, substituent effects 
of, 515-516 
field effects, 487 
of substituents, 505 
flames, chemical excitation in, 157- 
160 

chemiluminescence in, 165-168 
deviations from equilibrium in, 149, 
160-161 

equilibrium in, 144 
excitation in, 143-169 
excitation mechanism in, 154 


flames, chemical excitation—Cont. 
inelastic collisions in, 154-157 
ionization in, 154 

non-equilibrium excitation in, 160- 
161 

OH emission from, 151 
relatation times in, 150 
resonance fluorescence in, 161 
self-absorption in, 145 
flame photometry, see flame spec¬ 
troscopy 

flame spectra, detection sensitivity 
(table), 189 

Doppler broadening in, 168-169 
table of, 175-177, 180 
flame spectroscopy, with air-hydrogen 
flame, 174-176 
analytical curves, 193-196 
analytical process in, 192-193 
chemiluminescence in, 171-211 
mechanism of, 203-208 
detection sensitivity in, 182-184, 191- 
192 

excitation in, 143-169 
fuel-rich flame, 177 
hydrogen-oxygen-acetylene flames, 
199-203 

interferences in, 195-196 
ionization in flames, 208-212 
with optical maser, 413 
oxidant mixtures, 197-199 
solvent effect, 195 

flash heating, atomic absorption spec¬ 
tra with, 83-90 
flash pyrolysis, 584 
fluoreno, 685 

fluorescence, apparent vs. true, 607 
of atoms in flames, 161-165 
bandwidths in, 606-607 
intensity of, 605, 608 
reference compound in, 608 
fluorescence spectra, 605-629 
excited by optical maser, 408-410 
intensity of, 618, 628 
of organic molecules, 631-645 
purity of exciting radiation, 611-612 
standard and corrected spectra, 614 
fluoride band spectra, 601 
fluoride, sensitive emission lines of, 
225 

fx'agmentation patterns, mass spectra 
and, 755-766 

Pranck-Condon principle, 594 
free radicals, electron magnetic re¬ 
sonance and, 690 
electron spin resonance in, 719 
nuclear magnetic resonance and, 670 
radiation damage and, 721-722 
structure of, 721 
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free-radical spectra, 583 
nuclear magnetic resonance and, 665 
frequency shifts, solvent pattern and, 
572 

see also group frequency 

gallium, liquid, mass spectroscopy of, 
784-785 

gas chromatography, infrared spectra 
and, 577 

gaseous atoms, absorption spectra of, 
83-90 

gaseous free radicals, optical spec¬ 
tra of, 583-595 

gases, refraction spectra of, 553 
germanium, analytical curves in flame 
spectroscopy, 194 
energy levels, 61, 65 
flame spectroscopy detection sensi¬ 
tivity, 182 

flame spectrum, 177, 187 
reflection spectra in vacuum ultra¬ 
violet, 238 

wavelen^hs, infrared, 65 
g-factor, resonance spectrum and, 

725 

f-value, 707 

glasses, electron magnetic resonance 
spectra and, 693 

gold, sensitivity of detection by atomic 
spectra, 135 

gratings, diffraction, 549-550 
group frequencies, infrared, 508-509 
infrared solvent shifts and mole¬ 
cular interactions, 569-575 
intensity correlations and, 514 
non-bonded interactions and, 487 
relations to Hammett a and Taft o* 
values, 487 

substituent effects of organic mole¬ 
cules and, 507-509 
group frequency shifts, 487 
CH 3 X symmetric deformation fre¬ 
quencies and, 491-493 
Hammett a and Taft a* relations, 
497-498 

resonance and inductive effects, 494 
XH stretching frequencies and, 489- 
490 

halides, diatomic molecular spectra 
of, 599 

halogen anomaly, substituent effects 
and, 523-525 

Hammett a and Taft a* values, 497-498, 
506 

HCO, spectrum of, 588 
helium, vacuum ultraviolet spectrum 
of, 248, 254 

wavelengths, infrared, 59 


HFS, see hyperfine structure 
high-re solution studies, 549-559 
HNO, spectrum of, 589 
homonuclear molecules, 598 
homonuclear spectra, 600 
hydride band spectrum, 600 
hydrides, diatomic molecular spec¬ 
tra of, 598 

hydrogen, infrared wavelengths of, 

59 

hyperconjugation, 672 
hyperfine components, 665-666 
hyperfine coupling tensors, 720-721 
hyperfine spectral structure, 734-735 
hyperfine structure, 707 
isotropic and anisotropic reactions 
and, 696 

inductive effects, of substituents in 
infrared and electronic spectra, 
505 

infrared reflection spectroscopy, at¬ 
tenuated total reflection and, 437- 
460 

strongly absorbing substances, 460 
see also attenuated total reflection 
infrared spectra, attenuated total re¬ 
flection and, 445-460 
dispersion formula, 439 
dispersion studies and, 563 
gas-chromatography and, 577-580 
group frequencies of, 487-505 
Hammett a and Taft a* values in, 

537 

high-resolution studies and, 549-559 
integrated absorption coefficient, 440 
interaction mechanisms and, 572-575 
Kramers-Kronig relation and, 437, 
444 

line intensities and widths in, 550- 
552 

oblique incidence in, 441 
origins of group frequency shifts in, 
487-501 

pressure-induced shifts, 558-559 
reflection vs. absorption in, 442-446 
reflection spectra and, 438-445 
solvent shifts and molecular intera- 
tions in, 569-575 
of steroids, 477-484 
substituent effects of organic mole¬ 
cules, 505-534 

transmission technique, 437-438 
infrared spectroscopy, 461-485 
see also attenuated total reflection 
inhomogeneity, of polarizing field, 
insulators, mass spectroscopy of, 775 
interferences, in determinations with 
flames, 196 
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iodide band spectra, 602 
iodine, energy levels of, 61 
ionization potentials, 488 
ion-solvent interactions, 655 
iron, flame spectroscopy detection 
sensitivity, 182 
flame spectrum of, 175, 186 
isomers, rotational, 497, 499 
isotopic analysis, by atomic absorp¬ 
tion spectroscopy, 141 
isotopic coupling values, 723 
isotopic shifts, atomic spectra and, 
73-81 

Jahn-Teller theorem, 594 

Kramer-Kronig relations, 437, 444, 
456-458 

krypton, wavelengths, infrared, 71 

Larmor frequency, 651 
laser, see optical maser 
lead, analytical curves in flame spec¬ 
troscopy, 194 

flame spectroscopy detection sensi¬ 
tivity, 182, 185 
flame spectrum, 175, 188 
light sources, vacuum ultraviolet, 219 
line profiles, by atomic absorption 
spectroscopy, 141 

line width, in nuclear magnetic re¬ 
sonance, 651, 677 
refraction spectra and, 556 
lipids, Raman spectra intensities and, 
474 

liquids, mass spectroscopy of, 780-784 
lithium, sensitivity of detection by 
atomic absorption, 135 
wavelength, infrared, 59 
luminescence, of organic molecules, 
631-645 

see also phosphorescence 

magnesium, sensitivity of detection by 
atomic spectra, 135 
wavelength, infrared, 59 
magnesium fluoride, reflection spec¬ 
tra in vacuum ultraviolet, 236 
magnetic dipolar interaction, 709 
magnetic field, nuclear magnetic res¬ 
onance and, 647-655 
unidirectional, 729 
magnetic interactions, 648 
magnetic resonance, nuclear, sec 
nuclear 

magnetic resonance; see also 
electron 

magnetic resonance 
magnetic susceptibility, 670 


magnetogyric ratios, 653, 669 
magneton, Bohr’s, 732 
maser, nuclear, 678 
optical, see optical maser 
mass spectra, accuracy of mass 
measurements 
with, 749 

correlation with molecular struc¬ 
ture, 743 

empirical correlations, 753 
fragmentation processes and, 754- 
766 

identification of parent ions in, 750 
meta-stable peaks and, 755-766 
nitrogen rule in, 744 
quasi-equilibrium theory and, 748 
mass spectrometer, double-focusing, 
752, 789 
design of, 770 
resolution with, 772 
sensitivity with spark source, 771 
mass spectroscopy, 743-789 
of insulators, 775-778 
of liquids with spark source, 780- 
784 

of metals and semiconductors, 773- 
775 

of microsamples, 785-789 
of solids, 769-789 
with spark source, 769-789 
of surface contaminants, 778-780 
m-dimethylaminonitrobenzene, spec¬ 
tra of, 613, 617 

mercury, analytical curves in flame 
spectroscopy, 194 

flame spectroscopy detection sensi¬ 
tivity, 183 

flame spectrum of, 177, 187 
sensitivity of detection by atomic 
spectra, 135 

vacuum ultraviolet absorption spec¬ 
trum, 234 

wavelength, infrared, 60 
mesomei'ic effects, 505 
meta-stable excited states, 681 
meta-stable peaks, mass spectra and, 
755-766 

methanol, absorption spectrum in 
vacuum 

ultraviolet, 232 

methyl iodide, Polo-Wilson equation 
for, 568 

methyl laurate derivatives, 474 
microcell technique, nuclear magnetic 
resonance, 659 

microprobe, electron, see electron 
microprobe 

microsampies, mass spectroscopy of, 
785-789 
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molybdenum, flame spectroscopy de¬ 
tection sensitivity of, 183 
flame spectrum of, 184 

naphthalene, electron magnetic reso¬ 
nance of, 682 

phosphorescence of, 639-644 
spectrum of, 681 
triplet states and, 685 
NCO, spectrum of, 592 
-N-C=S bands, 514-515 
neon, vacuum ultraviolet spectrum of, 
248, 256 

NH 2 , gaseous spectrum of, 586 
nickel, flame spectroscopy detection 
sensitivity of, 183 
flame spectrum, 175, 186 
nickel (n) aminotroponeimineates, 

667, 674 

nitride band spectra, 603 
nitrides, diatomic molecular spectra 
of, 599-604 

nitrogen, absorption spectrum in vac¬ 
uum ultraviolet, 230 
analytical curves in flame spectros¬ 
copy, 194 

flame spectrum of, 176, 189 
sensitive emission lines of, 225 
vacuum ultraviolet spectrum of, 255 
NMR, see nuclear magnetic resonance 
N 2 O+ spectrum, 592 
NOa’spectrum, 593 

non-bonded reactions, group frequen¬ 
cies and, 487-488, 491-493, 495, 
498, 502 

n—»7r*transitions, substituent effects 
on, 528-534 

nuclear magnetic resonance, 647-655 
applications to chemical problems, 
657-663 

high-resolution, 657-665, 677 
interactions affecting, 647-648 
molecular conformation studies and, 
661-662 

quantitative measurements in, 663 
sensitivity problem in, 659 
spin-density distributions in con¬ 
jugate molecules, 665-674 
spin-generation modes, 677-680 
nuclear maser, 678 
nucleus-electron interactions, 673 

optical constants, determination of, 
453-455 

optical maser, apparatus of, 
available types, 399-401 
crystal defects in, 432 
emission mode patterns in, 421-436 


optical maser, apparatus of—Cont. 
emission spectra, 403-407 
for fluorescence excitation, 408-410 
formation of flames with, 413 
high-speed photography of, 421-436 
power output of, 401 
for Raman spectroscopy, 410-412 
as Raman source, 417-420 
scattering in crystals, 432 
spectroscopic applications of, 408- 
418 

spectroscopic studies with, 399-415 
temperature dependence of emission 
in, 403-407 

organic compounds, mass spectra of, 

743 

organic free radicals, electron spin 
resonance in, 719 

organic molecules, luminescence, flu¬ 
orescence, and phosphorescence 
of, 631-645, 

radiation damage to, 721 
stable triplet ground state, 703 
substituent effects of, on infrared 
spectra, 509-538 

oscillator strengths, see transition 
probabilities 
Overhauser Effect, 653 
oxides, diatomic molecular spectra of, 
597-604 

paramagnetic absorption spectroscopy, 

729 

paramagnetic resonance, 681-691 
investigation techniques, 691-694 
paramagnetic spectroscopy, 681-694, 

730 

aqueous solutions and, 735-736 
skin effect and, 736-737 
Pauling electronegativities, 502 
phenanthrene, electron magnetic res¬ 
onance spectra of, 695 
phosphorescence of, 631-644 
triplet states and, 685 
phosphorescence, electron magnetic re¬ 
sonance spectra and, 696 
of organic molecules, 631-635, 
phosphorecence lifetimes, 605 
phosphorus, analytical curves in flame 
spectroscopy, 195 

flame spectroscopy detection sensi¬ 
tivity, 183, 185 
flame spectrum, 182, 189 
phosphorus compounds. X-ray spectra 
of, 313-314 

phosphoryl frequencies, 501 
photoconductive detectors, 549 
photomultiplier detectors, 226-227 
TT-bonding, 650 
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TT-electron radicals, 724 
TT-systems, 684 
Planck function, 16 
Planck’s constant, 649 
plutonium. X-ray absorption spectra, 
330, 339 

X-ray spectrum, 325, 339 
emission, 331-333 

polar group, inductive effect of, 501- 
502 

polarizer, Raman, 463 
polarizing field inhomogeneity, 679 
polonium, X-ray emission spectra, 
324 

Polo-Wilson equation, 568 
potassium, sensitivity of detection 
by atomic spectra, 135 
wavelength, infrared, 59 
pulsed light source, 250-253 
predissociation, 590-591 
pressure-induced shifts, in infrared 
spectra, 558-560 
proton stabilizer, 677 
pyrolysis, flash, 584 

quadrupole coupling, 655 
quadrupole interactions, 651 
quadrupole moment, 654, 725 
quartz. X-ray spectrum of, 317 
quinine sulfate, spectrum of, 610, 

613, 615 

radiation damage, to organic mole¬ 
cules, 719-721 
radicals, see free radicals 
radioactive elements, X-ray spectra 
of, 321-339 

experimental methods of, 334 
radioactive materials, analysis of 
with electron microprobel, 383- 
388 

radio-frequency paramagnetic spec¬ 
troscopy, 730 

Roman intensity scale, 464-469 
Raman polarizers, 463 
Raman source, optical maser as, 
417-420 

Raman spectra, band intensities in, 
464, 469-477 
of lipids, 474-476 

optical maser stimulation of, 410- 
412 

refractive index effect, 466-467 
of solids, 468-469 
of steroids, 477-484 
Raman spectrophotometry, semi¬ 
micro, 462 

group frequency studies in, 461- 
485 


redox potentials, of infrared spectra, 
487 

reflection, absorption and, in infrared 
spectra, 438-440 

reflection accessory, in attenuated 
total reflection, 450-451 
reflection spectra, 438 
oblique and normal incidence in, 441- 
444 

of solids in vacuum ultraviolet, 235- 
241 

refraction spectra, 552-558 
refractive index, variation of with 
wavelength, 563 
refractometers, 552 
relaxation mechanisms, 708, 718 
Renner effect, 583 
resonance, nuclear magnetic, see 
nuclear 

magnetic resonance 
resonance effects, of organic mole¬ 
cules, 506 

resonance field shifts, 666 
rhenium, flame spectroscopy detec¬ 
tion sensitivity, 183 
flame spectrum of, 177, 185 
rhodium, flame spectrum of, 186 
riboflavin, fluorescence spectra of, 
622-624, 626 

rubidium, sensitivity of detection by 
atomic spectra, 135 
wavelength, infrared, 59 
Russell-Saunders Coupling System, 

732 


samarium, isotopic shifts in spectra 
of, 73-81 

Schmelzer spin generator, 677 
selenium, absorption spectrum in 
vacuum ultraviolet, 239 
flame spectrum of, 191 
semiconductors, mass spectroscopy 
of, 773-774 

silicon, analytical curves in flame 
spectroscopy, 196 

flame spectroscopy detection sensi¬ 
tivity, 183, 185 
flame spectrum, 177, 187 
reflection spectra in vacuum ultra¬ 
violet, 237 

silicon carbide, X-ray spectrum of, 
314 


silicon compounds, X-ray spectra of, 
315 


silicon oxides, X-ray spectra of, 316 
silver, sensitivity of detection by 
atomic spectra, 135 
wavelength, infrared, 59 
singlet-triplet transitions, 681 
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skin depth, concept of, 736 
skin effect, 736 

sodium, sensitivity of detection by 
atomic spectra, 135 
wavelength, infrared, 59 
solar spectra, atomic and molecular 
species in, 10-13 
composition analysis of, 24 
ionization in, 22 
line broadening in, 23 
solids, mass spectroscopy of, 769- 
' 789 

Raman spectroscopy of, 468-469 
solid sample, in attenuated total re¬ 
flection, 448 

spark discharges, afterglow of, 107 
ionization in, 107, 108 
order of appearance of lines in, 105 
relaxation times, 106 
temperature of, 105, 108 
time-resolved spectra of, 105 
vapor jets in, 109 

spark sources, for vacuum ultraviolet, 
219 

spectra, atomic, see atomic spectra 
mass, see mass spectra, etc. 

X-ray, see X-ray spectra, etc. 
spectrographs, for vacuum ultraviolet, 
226-227, 241 

spectrometer, double-beam, 450 
double-focusing, 750, 770, 789 
X-ray, 330, 338 

spectrometer-refractometer, 553 
spectrophotometer, 610 
spectroscopy, atomic absorption, see 
atomic 

absorption spectroscopy 
flame, see flame spectroscopy 
low-field vs. high-field, 730-734 
mass, see mass spectroscopy 
teaching of, 791-796 
spin-density, negative, 669 
spin-density distributions, 671-673 
nuclear magnetic resonance and, 
665-674 

spin generator, Schmelzer, 677 
spin-lattice relaxation, 651-652, 654 
spin-orbit coupling, 681, 709, 731 
spin-orbit reaction, 718 
spin-spin coupling, 650 
constants for, 666 
spin-spin decoupling, 659-660 
spin-spin reactions, 688, 732 
spin-spin relaxation, 651, 709 
spin-splitting constant, 592 
stellar envelopes, 7-9- 
stellar spectra, atomic and molecular 
species in, 10-13 
composition analysis in, 24 


stellar spectra, atomic—Cont. 
ionization in, 22 
line broadening in, 23 
non-equilibrium condition in, 17 
specific physical conditions of exci¬ 
tation, 14 

steroids, Raman and infrared spectra 
of, 477-484 

stretching vibrations, 500-501 
strontium, sensitivity of detection by 
atomic spectra, 135 
substituent constants, 513 
substituent effects, benzenoid deriva¬ 
tives and, 517-523 
empirical correlations of, 516-517 
Fermi resonance and, 515-516 
on n-^TT* transitions, 528-534 
sulfide band spectra, 603 
sulfides, diatomic molecular spectra, 
599-604 

sulfur, analytical curves in flame 
spectroscopy, 196 

flame spectroscopy detection sensi¬ 
tivity, 183, 185 
flame spectrum of, 180, 190 
X-ray spectrum of, 309-312 
surface contamination, mass spec¬ 
troscopy of, 778-780 

Taft a* values, 487-488, 497-498, 502, 
511, 532 

teaching, of spectroscopy, 791-796 
technicians, training of, 793 
tellurium, flame spectroscopy detec¬ 
tion sensitivity of, 183 
flame spectrum of, 176, 191 
1,2,4,5-tetranethylbenzene, phospho - 
rescence of, 631-644 
tetramethyl germanium, 678 
thallium, resonance of, 649 
wavelength, infrared, 60 
thin films, analysis of with electron 
microprobe, 391-397 
time-resolved spectra, in absorption, 
111 

applications in analysis, 112-115 
of exploding wires, 108 
improvement in sensitivity of detec¬ 
tion, 116 

limits on resolution, 101, 118 
methods of, 91-101 
performance of, 101 
of sparks, 105 
studies with, 105 
of vacuum sparks, 108 
tin, analytical curves in flame spec¬ 
troscopy, 194 

flame spectroscopy detection sensi¬ 
tivity, 184 
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tin—Cont. 

flame spectrum of, 175, 177, 187 
training, in spectrometry, 792-794 
transition metals, 667 
transition probabilities, 140 
availability of, 38-43 
calculation of, 46, 52-53 
conversion factors, 44 
measurement by anomalous disper¬ 
sion, 51 

from arc spectra, 46, 54 
from furnace absorption spectra, 
49 

from lifetimes, 50 
present status, 37 
triplet-state molecules, paramag¬ 
netic 

resonance spectra and, 691-694 
triplet states, 681, 683-691 
tungsten, atomic absorption spectra 
of, 83-90 

uranium, X-ray absorption spectrum 
of, 336 

Urey-Bradley Force Field, 491, 495 

vacuum-spark mass spectroscopy. 
769-789 

vacuum sparks, in time-resolved 
spectra, 108 

vacuum-ultraviolet spectrographs, 
241-243 

vacuum ultraviolet spectroscopy 
217-243 

absorption spectra of condensed 
gases, 233 
of gases, 230-233 
of solids, 235-241 
analytical applications of, 223-224 
of argon, 257 

detectors for, 222-223, 247 
elimination of overUippinp; orders 
220-222 

of helium, 248, 258 

light sources in, 219, 220, 247-260 

of neon, 248, 256 

of nitrogen, 255 

photoelectric det(*ctors in, 222- 
223 

reflection spectra of solids in, 235- 
241 

sensitive omission lines (tabled 
225 

spectrographs in, 226-229 
window materials in, 222 
vanadium, analytical curves in flame 
spectroscopy, 196 
flame spectroscopy deflection sm- 
sitivity, 184, 185 


vanadium—Cont. 

flame spectrum of, 177, 181 
vibration-rotation interactions, 551 
vinyl and vinylidene CH 2 wagging 
mode, 493-498 

vinyl esters, group frequency shifts 
in, 496 

wavelengths, infrared, 59-60 
argon, 66, 69 
germanium, 65 
krypton, 71 

wavelength standards, infrared, 65 
Wursters blue, electron spin resonance 
spectrum of, 714 

X-ray absorption spectra, 271-275, 330 
plutonium, 330, 339 
uranium, 336 

X-ray emission spectrography, light 
element 

and long wavelength, 341-356 
X-ray microprobe, 282 
inter element effects, 293 
see also electron microprobe 
X-ray spectra, absorption, see X-ray 
absorption spectra 
effect of on chemical bond, 307-318 
emission of polonium, 324 
emission theory, 264 
excitation, 276-278 
with radioactive sources, 279-282 
mterciement effects, 291-293 
correction of, 297-308 
of phosphorus compounds, 313-314 
of plutonium, 325, 331-333, 339 
of quartz, 317 

of radioactivt! elements, 321-339 
experimental methods of, 322, 323, 334 
of silicon carbide, 314-315 
of silicon compounds, 315 
of silicon oxkl(\s, 316 
sulfur, effetd of on cliemical bond, 
300-312 
theory of, 299 

X-rays, atmosphcn'ic al)8orption of at 
long 

wavelengths, 343 

detectors for long wavelenidhs, 345, 
355-356 

diffraction crystals for long wave¬ 
lengths, 346 

light (‘hnnents, direct excitation of, 

354 ’ 

indir(H!t metliods, 351 
long wavelength detectors, 345, 355- 
356 

interel(*ment effects, 351-353 
tube targets, 347-350 
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X-ray—Cont. 

microprobej see electron micro¬ 
probe 

window materials at long wave¬ 
lengths, 343 

X-ray spectrometers, 265-271, 326, 
334 

crystal, 267 

detectors for, 267 

with electronic discrimination, 267, 
282 


X-ray—Cont. 

zero-field absorption, 735 
zine, flame spectroscopy detection 
sensitivity, 184 
flame spectrum of, 186 
sensitivity of detection by atomic 
spectra, 

135 

wavelength, infrared, 60 
zinc sulfide, X-ray spectrum of, 312 



